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PREFACE 


A  )  J>roj  t  *  $  s  /Zn* 

This  document  is  a  compilation  of  uetffncal  papers  written 
by  the  Douglas  Aerophysics  Lajaeqfeory  staff  to  summarize 
progress  during  fiscal  yea  rQ962jY  year  ending  November  30, 
19'52)  in  company- funded  invesTTrjStions  conducted  within  the 
Independent  Research  and  Development  Program  of  the  Douglas 
Aircraft  Company. 

All  of  the  nine  IR&D  studies  conducted  at  DAL  during  FY 
1962  are  categorized  as  applied  research,  as  opposed  to 
basic  research  on  the  one  hand  and  technically  oriented 
development  on  the  other.  Two  of  the  studies  directly 
concern  fluid  mechanics  and  seven  deal  with  new  techniques 
for  simulating  the  environment  of  advanced  aerodynamic 
vehicles,  or  with  specific  problems  involved  in  implementing 
such  techniques. 


Section  I 

Experimental  Work  On  Transition  At  Hypersonic  Speeds 


R.E.  Deem 
January  1, 1963 
Report  Number  SM-41379-1 


Sales  Order: . 81260-287 

Engineering  Work  Order: . 51900 

Job  Work  Order:  .  0001 


SUMMARY 


Boundary  layer  transition  has  been  successfully  detected  on 
conical  bodies  in  hypersonic  alrstreams.  Shadowgraphs  and, 
alternatively,  china  clay  techniques  were  applied  in  the 
PAL  Hypersonic  Two-Foot  Wind  Tunnel.  Best  shadowgraphs  are 
obtained  by  mounting  the  film  plate  at  the  edge  of  the  free 
jet  adjacent  to  the  model.  Eugenol  is  a  suitable  wetting 
agent  for  detecting  transition  on  china  clay  coatings  in 
these  experiments.  Transition  measurements  by  the  alternative 
methods  agree,  and  indicate  rather  early  transition  possibly 
due  to  surface  roughness  or  an  unrealistically  high  base  pressure. 

Recent  measurements  of  transition  by  similar  techniques  are 
also  reported  for  a  flat  plate  in  supersonic  airflow  in  the 
DAL  Trisonic  Four-Foot  Wind  Tunnel. 
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1.  INTRODUCTION 


Knowledge  of  the  location  of  transition  of  the  boundary  layer  from 
laminar  to  turbulent  ts  Important  for  the  analysis  of  wind  tunnel 
tests  of  scale  models,  especially  at  hypersonic  Mach  numbers*  The 
OAL  staff  believes  that  a  capability  for  detecting  transition  points 
is  essential  to  the  operational  status  of  a  hypersonic  wind  tunnel. 

To  this  end  the  subject  Independent  Research  and  Development  (IR&D) 
investigation  of  experimental  techniques  for  detection  of  transition 
at  hypersonic  speeds  has  been  initiated  and  completed  during  FY  1962. 
The  specific  task  has  been  to  provide  a  capability  for  detecting 
transition  on  typical  scale  models  in  the  DAL  Hypersonic  Two-Foot 
Wind  Tunnel.  This  capability  has  been  successfully  demonstrated. 

This  final  report  describes  the  program  and  presents  the  results  of 
the  experiments. 

The  present  investigation  in  the  Hypersonic  Two-Foot  Wind  Tunnel  is  a 
logical  extension  of  previous  work  In  the  DAL  Trlsonlc  Four-Foot  Wind 
Tunnel.  The  previous  IR&D  Investigation,  completed  in  FY  I96I,  is 
reported  in  Reference  1.  The  purpose  of  the  previous  study  was  not 
only  to  develop  techniques  to  detect  transition  but  also  to  start  a 
library  of  measured  transition  points.  Transition  values  are  to  be 
measured  whenever  opportunities  arise  during  various  model  tests  in 
DAL  wind  tunnels.  A  certain  amount  of  such  data  has  been  obtained 
during  FY  1962  in  the  Trisonic  Four-Foot  Wind  Tunnel  and,  consequently, 
is  included  as  an  appendix  to  this  report. 


2.  FACILITY 

The  DAL  Hypersonic  Two-Foot  Wind  Tunnel  Is  an  intermittent  blowdown 
tunnel  with  existing  provisions  for  testing  in  heated  air  at  Mach  6 
and  8  and  a  future  capability  at  Mach  iO.  Figure  1  shows  an  air¬ 
flow  diagram  and  the  major  components  of  the  tunnel.  A  detailed 
description  of  the  facility  is  presented  in  Reference  2. 

An  important  feature  of  the  tunnel  that  relates  to  boundary  layer 
transition  work  is  the  free-jet  test  section  and  model  support  system. 
The  test  section  is  enclosed  by  a  large  plenum  chamber,  or  test  cabin, 
with  30- Inch-diameter  schlieren  windows  on  the  side-walls.  Models  are 
usually  sting-mounted  from  a  gimbaled  strut  which  can  be  translated 
vertically  Into  and  out  of  the  free  jet. 


3.  MODELS 


Two  bodies  of  revolution  were  tested  for  transition  during  FY  1962. 

The  first  Is  a  5>5$~scale  Nike  Zeus  model  without  the  canard  controls, 
essentially  a  blunt  cone  as  shown  in  Figure  2.  Detailed  descriptions 
of  this  model  are  contained  in  References  3  and  4.  The  second  model 
is  a  blunt  cone,  4-degree  half  angle,  configuration  N5B1  of  the  Sprint 
Model  M-IU9,  represented  in  Figure  3*  AH  tests  were  at  zero  angles 
of  attack  and  yaw. 
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the  surface  of  each  model  is  somewhat  tougher  than  would  be  produced 
by  standard  practice  of  steel  fabrication.  This  is  because  of  erosion 
due  to  Impingement  of  solid  particle  contaminants  In  the  airstream 
during  routine  tasting.  It  is  estimated  that  the  surface  finish  after 
several  runs  Is  typically  on  the  order  of  200  microinches,  about  the 
roughness  of  COO  or  300  grit  sandpaper. 

4.  EXPERIMENTAL  APPARATUS  AMD  TECHNIQUES 

4. 1  Standard  Shadowgraph 

Shadowgraphs  of  bodies  of  revolution  in  the  Trlsonlc  Four-Foot 
H'ind  Tunnel  produced  clear  evidence  of  transition  (Reference  I). 
Consequently,  the  same  apparatus  and  technique  were  transferred 
to  the  Hypersonic  Two-Foot  Vlnd  Tunnel  for  Initial  tests.  This 
standard  shadowgraph  arrangement  is  shown  schematically  in 
Figure  4.  The  spark  light  source,  whose  duration  Is  approximately 
three  ml crosaconds,  is  located  as  far  from  tho  model  as  practical. 
The  film  plate*,  11  by  14  inches,  is  placed  against  the  outer 
surface  of  tho  opposite  window,  about  5  foot  from  the  model.  The 
resulting  image  magnification  Is  approximately  1.33*  This  arrange¬ 
ment  permits  only  one  picture  per  run. 

Shadowgraphs  of  the  Nike  Zeus  model  were  obtained  with  the 
standard  arrangement  during  several  runs  at  Mach  6  and  at  Mach  3. 
Results,  typified  by  Figure  5,  are  somewhat  unsatisfactory. 

Although  the  bow  shock  wave  is  prominent,  the  boundary  layer  is 
somewhat  obscured  by  background  disturbances.  Detection  of  trans¬ 
ition  at  Mach  6  in  Figure  5,  for  example,  is  considered  to  be 
marginally  reliable.  Shadowgraphs  at  lower  densities  associated 
with  Mach  8  tests  are  still  less  satisfactory. 

4.2  Improved  Shadowgraph 

Three  methods  have  been  tried  to  improve  the  shadowgraph  quality: 
reduction  of  the  spark  light  source  duration,  elimination  of  the 
window  nearest  the  film,  and  reduction  of  the  separation  of  the 
ft lm  from  the  model . 

Eddies  and  flow  oscillations  within  the  transition  zone  and  the 
turbulent  boundary  layer  can  be  better  identified  if  the  duration 
of  the  light  source  is  decreased.  Consequently,  the  DAL  light 
source  in  the  standard  arrangement,  described  above,  was  replaced 
by  a  portable  AVCO  package  light  source,  type  L3-020,  model  3> 
whose  duration  is  about  0.3  microsecond.  Exposure  of  the  film 
during  tests  of  the  Sprint  model  was  inadequate  due  to  the  less 
Intensity  and  shorter  duration  of  the  AVCO  light  source.  Never¬ 
theless,  the  density  gradients  (actually  the  second  derivatives 
of  density)  were  observed  to  be  sharper  within  the  boundary  and 
elsewhere.  The  corresponding  sharpening  of  the  background 
perturbations  prevented  any  real  Improvement  in  transition 


*  DuPont  Cronar  Commercial  -  S,  blue  sensitive,  medium  contrast,  was  used 
for  all  shadowgraph  experiments. 


detection,  however.  Consequently,  the  DAL  three-microsecond 
source  was  reinstalled  for  subsequent  tests. 

The  next  step  was  to  bypass  the  window  between  model  and  film. 
Although  this  window  is  of  high-quality  glass  and  has  been 
examined  by  schlieren  optics  and  found  to  be  relatively  free 
of  striations,  It  Is  undeniable  that  some  distortion  of  the 
shadowgraph  Image  occurs  therein.  Shadowgraphs  of  the  Sprint 
model,  obtained  by  mounting  the  film  on  the  interior  window 
surface,  are  judged  slightly  superior  to  the  standard  typified 
by  Figure  5« 

The  ultimate  improvement  resulted  from  moving  the  film  still 
closer  to  the  model .  This  modification  risks  damage  to  the 
film  by  the  high  velocity,  hot,  free  jet  of  test  air.  The 
film  would  fatl  to  withstand  temperatures  of  about  200°F. 

By  trial  during  several  runs,  it  was  found  that  the  film  can 
be  placed  as  close  to  the  model  as  the  nominal  edge  of  the 
free  jet  if  the  film  Is  protected  from  the  aerodynamic  forces 
by  a  plate  glass  cover.  Although  only  medium  quality  glass  was 
used  as  a  shield,  this  arrangement  has  produced  the  best  results 
of  all;  for  example,  see  Figure  6.  This  ona  shadowgraph  illus¬ 
trates  on  the  upper  surface  of  the  Sprint  conical  model, 
magnified  in  the  shadowgraph  system  by  a  factor  of  1.09,  the 
laminar  boundary  layer,  spots  of  turbulence  in  the  transition 
zone,  and  the  fully  turbulent  boundary  layer.  The  boundary 
layer  on  the  lower  surface  appears  to  have  separated  and  re¬ 
attached  in  thre  turbulent  state. 

4.3  China  Clay  Technique 

As  has  been  demonstrated  in  the  DAL  Tri sonic  Four-Foot  Wind 
Tunnel  in  I96I  (Reference  1)  and  subsequently,  the  china  clay 
technique  is  a  valuable  adjunct  to  the  use  of  the  shadowgraph 
for  detecting  transition  at  transonic  and  supersonic  speeds. 

China  clay  can  be  used  on  practically  any  portion  of  any 
configuration  and  the  technique  can  be  utilized  at  any  time  during 
routine  force,  pressure,  or  other  tests.  It  Is  desirable  to  attain 
these  same  objectives  at  hypersonic  speeds.  Consequently,  such 
tests  have  been  performed  and  results  have  been  compared  with 
shadowgraph  data  on  transition. 

Use  of  the  china  clay  technique  is  fairly  simple  and  is  described 
In  detail  in  Reference  1.  The  model  Is  sprayed  with  a  special 
lacquer  in  vrtilch  are  suspended  particles  of  china  clay.  When  the 
lacquer  is  dry,  a  volatile  oil  is  sprayed  on  the  model  and  the  run 
is  made.  The  oil  is  dried  and  the  white  clay  is  exposed  by  a 
turbulent  boundary  layer,  whereas  the  surface  remains  wet  and  dark 
under  a  laminar  boundary  layer  (aft  of  the  nose  region).  Volatile 
oils  in  common  use  at  DAL  are,  in  order  of  increasing  drying  time, 
methyl  salicylate,  isosafrol,  and  eugenol.  The  first  of  these  is 
the  most  useful  at  transonic  and  supersonic  speeds. 
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Methyl  salicylate  was  tried  first  on  the  Sprint  model  at 
Mach  8  In  the  DAL  Hypersonic  Two-Foot  ‘,-jI nd  Tunnel.  The 
model  Injection  and  withdrawal  feature  of  the  support  system 
was  used  to  avoid  the  transient  effects  of  starting  and  stopping 
the  tunnel.  However,  methyl  salicylate  dries  much  too  fast  in 
the  hypersonic  stream  to  permit  visual  control  of  model  with¬ 
drawal  while  laminar  regions  remain  wet.  Relatively  slow-drying 
eugenol  was  triad  next  and  an  apparently  successful  result  is 
Illustrated  In  Figure  7.  Transition  is  indicated  about  one-half 
Inch  forward  of  the  base.  The  dry  (white)  ruglon  at  the  blunt 
nose  of  the  cone  results  from  the  locally  high  shear  forces. 


5.  TRANSITION  DATA 


Apparently  valid  transition  data  have  been  obtained  for  the  Sprint  conical 
model  at  Mach  8.  Complete  transition  is  detected  at  12.3  inches  from  the 
model  nose  by  the  shadowgraph  and  at  14  inches  by  the  china  clay.  These 
distancer  yield  transition  Reynolds  numbers  of  about  4.5  to  5  million, 
about  an  order  of  magnitude  less  than  would  be  expected  on  a  cold,  blunt 
cone  at  liach  8  and  Pxeynolds  number  0.4  million  per  inch.  A  plausible 
explanation  of  this  discrepancy  Is  that  transition  was  induced  earlier 
than  normal  by  the  roughness  of  the  model  surface.  Another  possibility 
is  that  the  proximity  of  the  model  base  In  these  experiments  triggered 
transition  artifically,  at  a  station  related  more  closely  to  the  position 
of  the  base  than  to  the  running  length  and  growth  of  the  boundary  layer, 
for  the  following  reason.  The  geometry  of  the  scoop  and  of  the  body 
support  system  prohibits  the  establishment  around  the  model  of  a  flow 
field  that  Is  free  of  extraneous  shock  waves  at  Mach  8.  Oblique  shock 
waves  are  observed  to  impinge  on  the  sting  behind  the  model  base.  The 
high  pressure  field  downstream  of  these  oblique  shock  waves  is  propagated 
forward  along  the  sting  to  the  base  region,  where  unrealistically  high  base 
pressures  have  been  observed,  about  the  free-stream  magnitude.  This 
unrealistically  high  base  pressure  could  produce  the  transition  herein 
observed  Just  forward  of  the  base.  This  explanation  is  supported  by 
recent,  unreported,  transition  experiments  on  a  longer  conical  model  in 
the  same  flow  condition  in  this  tunnel,  but  with  the  model  support  system 
better  streamlined  to  produce  lower,  more  realistic  base  pressures.  At 
any  rate,  some  confidence  can  be  placed  In  the  ability  of  the  present 
shadowgraph  system,  at  least,  to  detect  transition  because  the  transition 
region  (alternate  regions  of  laminar  and  turbulent  boundary  layer)  appears 
in  Figure  6  to  be  relatively  long,  over  five  inches.  A  large  transition 
region  Is  expected  qualitatively  based  on  the  results  of  hypersonic  tests 
at  AEDC,  Reference  5* 

It  is  concluded  that  much  work  remains  to  be  done  on  experimental 
detection  of  transition  at  hypersonic  speeds. 

6.  APPENDIX.  FLAT  PLATE  TRANSITION  MEASUREMENTS  IN  SUPERSONIC  AIRFLOW 

Boundary  layer  transition  has  been  measured  on  an  uninclined,  unyawed 
flat  plate  at  several  transonic  and  supersonic  airspeeds  during  Saturn 
SA-5  acoustic  and  pressure  tests  (S-6l)  in  the  DAL  Trl sonic  Four- Foot  Wind 
Tunnel  The  leading  edge  of  the  flat  plate  model  is  0.002  inch  thick  and 


the  "under"  surface  is  beveled  at  10  degrees.  Primarily,  transition  was 
detected  by  means  of  a  coat  of  china  clay  lacquer  wetted  with  methyl 
salicylate.  Shadowgraphs  were  obtained  at  some  test  conditions  for 
corroboration.  The  model  and  tests  are  described  more  fully  in  Reference  6. 

The  results  of  the  transition  measurements  are  presented  in  Figure  8. 

Although  the  unit  Reynolds  numbers  vary  slightly,  the  data  are  plotted 
together  because  each  point  represents  essentially  the  minimum  available 
unit  Reynolds  number.  Generally,  the  unit  Reynolds  number  for  these  data 
increases  with  the  Mach  number.  This  fact  allows  comparison  with  the 
correlated  AEOC  data  of  Reference  5«  The  AEDC  data  account  for  variable 
unit  Reynolds  number,  leading  edge  thickness,  and  bevel  angle,  but  apply 
only  at  Hach  3>  The  interpolated  value  of  unit  Reynolds  number  of  the  DAL 
data  at  Hach  3  is  about  0.75  mi  11  ton  per  inch.  Therefore,  the  AEDC  point 
represented  in  Figure  8  Is  for  this  value  of  unit  Reynolds  number  and  for 
the  stated  thickness  and  bevel  angle.  The  AEDC  value  for  transition 
Reynolds  number  exceeds  the  trend  of  the  DAL  transition  data  by  a  significant 
amount.  No  explanation  for  this  disagreement  is  available. 
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FIGURE  5 


•SHADOWGRAPH  SHOWING  TRANSITION  ON  THE  NIKE  ZEUS  MODEL  AT  MACH  6 
(UNIT  REYNOLDS  NUMBER  =  0.58  x  10&/IN.),  STANDARD  OPTICS, 
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MEASUREMENTS  OF  TRANSITION  ON  A  FLAT  PLATE 
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aUMMARY 


Pressure  and  heat  transfer  distributions  have  been 
measured  on  a  standard  model  of  a  hypervelocity  ballistic 
vehicle.  The  data  pertain  primarily  to  a  turbulent 
boundary  layer  at  Mach  8  at  zero  pitch  and  at  a  pitch 
angle  of  20  degrees.  Analysis  of  the  data  indicates  that 
recovery  temperature  could  not  be  measured  accurately  on 
the  model;  consequently  heat  transfer  coefficients  could 
not  be  determined  reliably.  However,  an  accurate  descrip¬ 
tion  of  the  heat  input  to  the  model  is  affordad  in  terms 
of  heat  transfer  rates.  Measured  heat  transfer  rates  at 
the  stagnation  point  remain  rather  inaccurate  because  of 
large  conduction  effects  at  the  model  nose.  Development 
of  a  hjat  shield  has  been  initiated  to  alleviate  the 
conduction  problem. 
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I.  INTRODUCTION 


An  IR&D  study  has  baan  Initiated  at  DAL  during  FY  1 962  to  establish 
a  capability  for  conducting  heat  transfer  tests  In  the  Hypersonic 
Two-Foot  Wind  Tunnel,  and  to  provide  model  test  data  which  can  be 
compared  with  data  from  other  facilities.  The  approach  taken  is  to 
develop  the  capability  stepwise  by  alternatively  testing  a  model, 
analyzing  the  results,  making  any  system  modifications  required  to 
improve  the  data,  and  then  repeating  the  cycle  until  the  data  are 
satisfactory.  However,  only  the  first  two  steps  and  part  of  the 
third  step  of  one  cycle  have  been  accomplished  during  the  present 
Investigation.  Heat  transfer  tests  were  conducted  on  the  mode) 

(NB-2)  at  Mach  8  during  June  4-7,  1962;  and  several  runs  were 
subsequently  performed  to  develop  a  heat  shield  that  would  prevent 
development  of  an  uneven  temperature  distribution  along  the  mode) 
before  data  are  extracted.  The  tests  are  Identified  as  H-R6. 

This  report  describes  the  investigation  and  presents  the  results. 

An  account  is  given  of  the  tunnel,  modal,  instrumentation  and  program 
used  in  conducting  the  initial  heat  transfer  test,  the  results  are 
discussed,  and  a  description  is  given  of  the  steps  taken  to  modify 
the  system. 


2.  FACILITY 


The  OAL  Hypersonic  Two-Foot  '.Jind  Tunnel  is  an  intermittent  blow¬ 
down  tunnel  with  provisions  for  testing  at  Mach  6,  8  and  10  with 
run  times  of  up  to  2  minutes.  Figure  1  shows  an  airflow  diagram 
and  the  major  components  of  the  tunnel.  A  detailed  description 
of  the  facility  is  presented  in  Reference  1. 

The  feature  of  the  tunnel  pertinent  to  heat  transfer  tests  Is  the 
free-jet  test  section  and  the  model  support  system.  A  sting- 
mounted  model  is  held  above  or  belcw  the  jet  during  the  tunnel 
start.  After  the  airstream  has  reached  a  steady  state  the  support 
strut  translates  the  model  into  the  flow  at  a  rate  of  12  inches 
per  second. 


3.  MODEL 


The  model  tested  Is  a  ballistic-type,  hypervelocity  configuration 
consisting  of  a  spherical  nose,  a  conical  forebody,  a  cylindrical 
body,  and  a  flared  afterbody.  This  configuration,  designated 
model  HB-2,  is  currently  proposed  for  adoption  by  the  Wind  Tunnel 
and  Model  Testing  Panel  of  AGARD  as  a  standard,  hypersonic,  blunt- 
body,  calibration  model.  The  model  specifications  have  been  developed 
by  members  of  the  Supersonic  Tunnel  Association  and  are  discussed  in 
Reference  2. 
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The  modal  consists  of  an  outer  shell  and  an  inner  support,  with 
pressure  tubes  and  thermocouple  leads  passing  between  them.  An 
elactroformed  nickel  shell,  approximately  0.062-inch  thick,  forms 
the  external  contour.  The  internal  support  is  a  1.5" inch -diameter 
dummy  balance  supported  as  a  cantilever  from  a  two-piece  sting. 

Figure  3  is  a  photograph  of  the  model  installed  in  the  tunnel.  A 
more  detailed  description  of  the  model  is  contained  in  Reference  3* 

4.  INSTRUMENTATION 

A  row  of  l/32-inch-dlamater  pressure  orifices  is  located  along  the 
bottom  centerline  of  the  modol  and  a  row  of  thermocouples  is  welded 
to  the  inside  surface  of  the  skin  along  the  top  centerline.  Loca¬ 
tions  of  the  instrumented  model  stations  are  given  in  table  I.  Five 
orifice  pressures  (6,  7,  8,  13  and  14)  are  sensed  by  Pace  variable- 
reluctance,  0.5-psl  transducers  referenced  to  vacuum.  The  others 
use  Statham  15"psi  differential  transducers  referenced  to  atmospheric 
pressure.  Tunnel  stagnation  pressure  is  sensed  in  the  stilling 
chamber  by  a  2500-pslg  transducer.  Outputs  from  the  pressure  trans¬ 
ducers  are  digitized  and  recorded  by  a  Central  Data  Gathering  System 
(CDGS).  Chromal -a  1ur.iei  thermocouples  made  from  30-gage  wire  (with 
fiberglass  insulation)  are  used  to  sense  model  temperatures.  A 
Douglas  TR-1,  250°'  reference  junction  Is  used  as  a  thermocouple 
reference.  Tunnel  stagnation  temperature  is  sensed  in  two  places 
by  Individual  chromel -al umcl  thermocouples.  One  uses  a  Pace  150°r 
reference  junction  and  is  measured  with  the  CDGS.  The  otner  tunnel 
stagnation  temperature  and  all  model  temperatures  are  digitized  and 
recorded  on  magnetic  tape  by  an  Automatic  Data  Handling  System  (ADHS). 

The  ADHS  is  a  multichannel  data  acquisition  and  recording  unit  that 
is  borrowed  from  the  Data  and  Computing  Laboratory  of  the  Research 
and  Development  Support  Department,  Missile  &  Space  Systems  Division 
of  the  Douglas  Aircraft  Company.  This  unit  commutates  the  analog 
signals,  converts  them  to  digital  form,  and  records  them  on  magnetic 
tape.  Each  thermocouple!  signal  is  recorded  every  C.C2  second.  The 
CDGS  consists  of  16  Leeds  and  Morthrup  Speodmax  potentiometers  with 
attached  Giannini  shaft  digital  encoders  and  an  I  DM  523  summary  card 
punch.  This  system  is  described  more  fully  in  P.eference  1. 

Schlieren  and  shadowgraph  systems  are  used  for  visual  and  photographic 
monitoring.  The  schlieren  system  is  a  conventional  7-type  arrangement 
of  two  mirrors,  a  continuous  lamp,  and  an  automatic  camera.  Shadow¬ 
graphs  are  taken  with  an  11- by  1^-inch  film  plate  mounted  just  outside 
one  tast-section  window  and  a  3-nicrosecond-duratlon  spark  source  out¬ 
side  the  opposite  side  of  the  test  section. 

5.  TEST  PROGRAM 


The  present  program  utilizes  experience  gained  in  previous  supersonic 
heat  transfer  tests  (References  3  and  4);  yet  an  attempt  has  been  made 
to  keep  procedures  simple  and  straightforward  and  to  employ  a  minimum 
of  auxiliary  tunnel  equipment  and  modifications. 
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It  Is  known  that,  for  heat  transfer  rate  measurements,  the  model 
should  be  subjected  to  a  step  input  of  aerodynamic  heating  just 
before  temperature  histories  are  extracted.  This  is  provided  by 
allowing  the  model  to  reach  an  equilibrium  temperature  before 
injecting  it  Into  the  airstream.  Occasionally  It  is  necessary  to 
cool  the  model  to  room  temperature  with  an  air  hose  prior  to  a 
run.  When  the  model  Is  observed  to  reach  the  tunnel  centerline 
a  switch  Is  thrown  manually  which  marks  time  zero  on  the  magnetic 
tape. 

There  is  normally  insufficient  run  time  available  for  the  model 
temperature  to  reach  equilibrium  starting  from  room  temperature. 
Therefore,  just  prior  to  a  run  whose  purpose  Is  to  measure  recovery 
temperature,  the  model  Is  preheated  with  propane  blow  torches.  Near 
the  end  of  the  run,  a  manually-initiated  event  marker  signals  a  two- 
second  edit  interval  to  be  used  for  determining  equilibrium  temperatures. 

A  total  of  15  runs  were  made  in  8.8  hours  of  tunnel  occupancy.  Five 
of  these  runs  are  allotted  to  establishment  of  shock-wave-free  flow 
in  the  test  section.  Seven  are  heat  transfer  runs  and  three  are 
recovery  temperature  runs.  The  Mach  number  is  8.08  and  the  stagnation 
pressure  Is  approximately  1050  psia  for  all  runs.  The  stagnation 
temperature  is  either  1500°R  or  1900°R.  The  model  was  tested  at 
angles  gf  attack  of  zero  and  20°  and  at  roll  angles  of  zero,  90° 
and  180°.  A  summary  of  the  test  conditions  is  given  in  table  2. 


6.  DATA 

Measured  data  consist  of  tunnel  stagnation  pressure  and  temperature, 
model  angles  of  attack  and  roll,  and  model  pressure  and  temperature 
histories.  Calculation  of  free-stroam  parameters  is  based  on  Isen- 
troplc  expansion  of  real  air  and  on  the  Sutherland  viscosity  equation, 
together  with  a  calibrated  Mach  number  based  on  the  measured  total 
pressure  and  temperature.  Model  angles  of  attack  and  roll  are  deter¬ 
mined  directly  from  the  support  system  without  corrections  for  deflections 
due  to  airload.  Model  pressures  are  reduced  to  coefficient  form, 

Cp  5  (p  -  Poo)/9a3>  where  p  is  the  local  pressure,  p®  is  free  stream 
static  pressure  and  q^  Is  free  stream  dynamic  pressure.  Tunnel  para¬ 
meters,  model  angles,  and  model  pressure  coefficients  are  calculated 
on  an  IBM  1620  computer  and  results  tabulated  on  an  IBM  >407  accounting 
machine. 

Model  temperature  histories  and  tunnel  total  temperature  are  recorded 
on  magnetic  tape,  edited,  and  reduced  to  heat  transfer  rates, 
coefficients,  and  equilibrium  temperatures  on  an  IBM  7090  computer 
and  results  tabulated  on  an  IBM  1403  printer.  This  reduction  process 
is  based  on  the  transient  temperature  method  and  is  described  in  detail 
In  References  4  and  5.  Briefly,  the  reduction  process  consists  of 
fitting  a  least-squares  parabola  through  49  consecutive  temperatures 
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measured  at  0.02-second  Intervals  during  a  heat  transfer  run  and 
calculating  the  slope  at  the  midpoint.  Heat  transfer  rate  is  then 
equal  to  the  product  of  the  slope,  the  model  skin  density,  specific 
heat,  and  thickness.  Model  equilibrium  temperature  Is  averaged  over 
approximately  two  seconds  during  a  recovery  temperature  run  and  the 
value  divided  by  tunnel  total  temperature.  This  ratio  Is  multiplied 
by  the  total  temperature  during  a  heat  transfer  run  and  Is  assumed 
to  be  the  recovery  temperature.  The  boat  transfer  coefficient  Is 
equal  to  the  heat  transfer  rata  divided  by  the  difference  between 
recovery  and  model  temperatures. 

The  measured  pressure  coefficients  are  listed  In  table  3*  Heat 
transfer  rates,  measured  at  0.5  second  after  time  zero,  are  listed 
in  table  4.  Some  of  these  data  are  plotted.  Figure  4  shows  the 
pressure  distribution  at  zero  angle  of  attack  (runs  6,  7,  8  and  9). 
Figure  5  shows  the  heat  transfer  distribution  to  the  windward  centerline 
at  20  degrees  angle  of  attack  (runs  10  and  15).  Note  that  the  heat 
transfer  data  are  plotted  as  ratios  of  heat  transfer  rate  to  the  heat 
transfer  rate  at  thermocouple  1  (stagnation  point).  Figure  6  is  a 
schlieren  picture  taken  during  run  7. 


7.  DISCUSSION 


One  of  the  purposes  of  the  investigation  is  to  establish  the 
capability  at  DU  for  conducting  heat  transfer  tests.  To  this  end 
it  must  be  established  that  the  technique  developed  to  obtain  the 
data  produces  results  within  satisfactory  tolerances. 

The  technique  used  to  obtain  model  pressures  has  been  established  as 
valid  by  many  tests  over  many  years.  It  has  been  calculated  that  at 
least  50$  of  the  pressure  coefficients  of  each  run  are  determined 
with  a  tolerance  not  exceeding  ££p  -  *.009.  This  agrees  closely 
with  the  pressure  coefficient  accuracy  reported  in  Reference  3* 

It  may  be  noted  also  that  the  measured  pressure  data  plotted  in 
Figure  4  agree  substantially  with  the  theoretical  Newtonian  pressure 
distribution. 

The  technique  used  to  obtain  heat  transfer  data  is  the  prime  concern 
of  the  Investigation.  Three  items,  all  affecting  accuracy,  have  been 
studied:  the  magnitude  of  the  heat  input  with  the  model  Initially  at 
room  temperature,  the  accuracy  of  assuming  equilibrium  temperatures  are 
equal  to  recovery  temperatures,  and  the  ability  of  the  model  support 
system  to  generate  a  step  function  of  heat  input. 

The  magnitudes  of  measured  heat  transfer  rates,  as  presented  In  table 
4,  clearly  indicate  that  rates  of  change  of  temperature  with  time  are 
sufficient  to  mlnimizo  data  errors  due  to  the  accuracy  of  the  temperature¬ 
measuring  equipment.  The  temperature  rate  (in  degrees  F  per  second)  Is 
approximately  three  times  the  heat  transfer  rate  (In  Btu/sec  ft®).  Thus, 
for  an  average  heat  transfer  rate  of  5  Btu/sec  ft  ,  the  model  temperature 


changes  about  15  dagraas  F  during  tha  ona-sacond  parlod  tha  slope 
Is  being  formed.  Random  errors  In  tha  temperatures  whan  measured 
with  a  thermocouple  are  believed  to  be  on  the  order  of  ±3°F.  This 
should  have  only  a  small  effect  on  the  accuracy  of  the  calculated 
slope  since  the  slope  Is  based  on  a  least-squares  curve  fit. 

The  Initial  concern  over  whether  or  not  the  preheated  model  would 
reach  equilibrium  during  the  blowdown  Is  unfounded.  Within  engineer¬ 
ing  accuracy,  the  model  temperature  does  not  change  during  the  last 
two  seconds  of  a  recoverv  temperature  run.  However,  the  measured 
equilibrium  temperatures  are  not  nearly  close  enough  to  estimated 
recovery  temperatures  to  be  useful  in  deriving  recovery  temperatures. 

For  example,  tha  highest  measured  equilibrium  temperature  at  the 
stagnation  point  Is  90#  of  the  tunnel  stilling  chamber  air  temperature. 
Other  points  on  the  model  body  likewise  experience  low  values  of 
equilibrium  temperature.  Apparently,  the  heat  losses  from  the  model 
due  to  radiation  and  conduction  cause  these  low  equilibrium  temperatures. 
Consequently,  the  calculated  heat  transfer  coefficients  are  invalid.  In 
an  attempt  to  circumvent  this  problem,  the  heat  transfer  rates  (which 
are  not  affected  by  recovery  temperatures)  have  been  divided  by  the 
measured  stagnation  point  heat  transfer  rate  and  the  ratio  analyzed. 

This  seems  to  be  a  satisfactory  way  of  establishing  tha  distribution 
of  heat  Input  to  the  body.  The  distribution  shown  In  Figure  5  appears 
to  be  qul te  valid. 


The  ability  of  the  model  support  system  to  approximate  a  step  heat 
Input  Is  assessed  by  considering  the  heat  transfer  rates  at  the 
stagnation  point.  The  three  heat  transfer  runs  at  zero  angle  of 
attack  (6,  8  and  9)  are  analyzed  by  compering  theoretical  with 
measured  stagnation  point  heat  transfer  rates. 

The  theory  from  Fay  and  Riddell,  Reference  6,  equation  63,  Is: 


1  +  u 


0.52 


where  ^  Is  the  gas  density,  /*•  its  coefficient  of  viscosity,  L  Its 
Lewis  number,  h  Its  static  enthalpy,  hD  |ts  dissociation  enthaloy, 
and  (dua/dx)s  is  the  local  velocity  gradient  at  the  edge  of  the  boundary 
layer  In  the  stagnation  region;  and  where  subscripts  w  and  s  identify 
conditions  at  the  model  wall  temperature  and  at  the  edge  of  the  boundary 
layer  In  the  stagnation  region.  For  Newtonian  flow  around  a  sphere  of  a 
gas  sufficiently  cool  that  real  gas  effects  can  be  neglected,  the  above 
equation  becomes 


s  '  ^  ^°-k  <T, '  V  &.  (p. '  >»> 


iA 


where  the  rate  of  stagnation  heating  qs  is  in  Btu/ft  sec,  nose  radius 
rQ  is  in  Inches,  coefficients  of  vlscosl ty/xare  In  1b  sec/ft*, 
temperatures  T  are  in  degrees  Rankine,  and  pressures  p  are  in  psia. 
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Using  the  measured  temperature  at  tha  modal  stagnation  point  and  tha 
tunnal  total  prassura  and  temperature,  tha  thaoratteal  haat  transfar 
rates  are  calculated  and  compared  wl th  tha  measured  values.  This 
comparison  Is  shown  In  figure  7.  The  results  show  disagreement  by 
about  I056  to  20 

In  an  attempt  to  discover  a  source  of  this  disagreement,  an  analysis 
has  baon  made  of  the  error  due  to  heat  conduction  at  the  stagnation 
point.  The  computed  heat  transfer  rates  do  not  Include  a  correction 
for  conduction  of  heat  laterally  from  the  stagnation  point.  The 
temperature  distribution  at  the  model  nose  at  the  time  heat  transfer 
Is  measured  can  be  used  for  the  conduction  correction  In  the  following 
manner.  An  equation  of  the  form 

o  3  k 

T  =  a  +  c0  +  d6J  +  e9 


Is  fitted  to  the  temperatures  T  from  thermocouples  1,  2,  3,  and  1+ 
located  at  polar  angles  9  of  0°,  10°,  35°,  and  5O0  respectively. 
The  conduction  correction  (additive)  In  polar  coordinates  Is: 


-k  b  .d'T  j  dTs 

%ond  =  72  (^2  +  ctn  9  d0> 


where  k  Is  the  thermal  conductivity  and  b  Is  the  shell  thickness. 

At  the  stagnation  point,  Q  =  0,  this  reduces  to 

2kb  dfl 
qc°nd  "  r02  do2 

Only  run  6  has  been  analyzed  In  this  detail,  but  by  comparing  the 
temperature  gradients  around  the  nose  on  all  runs.  It  appears  that  the 
results  for  run  6  should  be  typical.  The  rate  of  heat  transfer  from 
the  stagnation  point  by  conduction  along  the  shell  Is  calculated  to  be 
17.9  Btu/sec  ft  ,  the  same  magnitude  as  the  uncorrected  heat  transfer 
rate*  Thus,  this  conductivity  correction  fails  to  Improve  the 
correlation  op  experiment  with  theory  as  represented  In  Figure  J. 


The  method  proposed  to  circumvent  this  paradox  is  to  provide  a 
mechanical  system  which  will  produce  a  step  Input  more  nearly  the 
Ideal  function  than  does  the  existing  model -inject  I  on  system.  The 
method  of  providing  a  step  heat  Input  by  increasing  the  injection 
rate  Is  deemed  Impractical  from  a  structural  point  of  view.  A 
retractable  heat  shield  system  to  be  combined  with  model  injection 
Is  considered  worthy  of  development.  This  consists  of  a  wedge  placed 
vertically  across  the  nozzle  exit  with  the  apex  forward  and  the  back 
end  open.  The  support  system  Injects  the  model  to  the  tunnel  center- 
line,  the  model  always  staying  behind  the  shield.  When  the  model 
reaches  the  centerline,  the  wedge  Is  quickly  retracted  In  a  vertical 
dl rection. 


Several  runs  have  been  made  In  the  tunnel  to  evaluate  the  effectiveness 
of  such  a  wedge  as  a  heat  shield.  Since  no  shield  injection  system  was 
available,  an  attempt  was  made  to  fix  the  shield  to  the  nozzle  exit  and 

*lf  the  temperature  measurements  at  35°  and  580  were  Ignored,  l.e..  If  the 
conduction  were  calculated  on  the  basis  of  measurements  only  at  zero  and 
10°,  Its  value  would  be  11.5  Btu/sec  ft2,  still  about  the  magnitude  of 
the  uncorrected  measurement. 


to  start  the  tunnel .  All  attempts  to  start  the  tunnel  In  this 
configuration  have  failed,  thus  shield  effectiveness  remains  unknown. 
It  Is  proposed  now  to  start  the  tunnel  empty,  then  to  Inject  the 
shield.  Inject  the  model,  and  withdraw  the  shield.  Final  development 
of  this  system  will  be  accomplished  In  1963* 
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TABLE  I 


PRESSURE  ORIFICE  AND  THERMOCOUPLE  LOCATIONS 


Axial  station,  x, 
nond I mans  I ona 1 1 zed 
by  the  mode)  length 
L  -  18.375  Inches 

0 

.0009 

.0111 

.0288 

.0544 

.0816 

.1088 

.1360 

.1633 

.3129 

.3809 

.4490 

.5573 

.5850 

.6090 

.6329 

.6601 

.6905 

.7243 

.7586 

.8231 

.8914 

.9592 


Pressure  Orifice 
Number 

( 180  degrees  azimuth) 


1 

2 

3 

4 

5 

6 

7 

3 

9 


10 

11 

12 


Thermocouple 

Number 

(0  degrees  azimuth) 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 
23 


Note:  Pressure  orifices  13  and  14  are  located  on  the  base  at  radial 
positions  81.2$  and  60.5$  of  the  base  radius  and  at  an  azimuth 
angle  of  60  degrees. 


TABLE  2 


RUN  SUMMARY 


Model  Angle 
of  Attack 
(Degrees) 

Model  Angle 
of  Roll 
(Degrees) 

Run  Numbers  for  a  Tunnel 

Stagnation  Temperature  of 

1 500 °R 

1900°R 

0 

0 

6,  (7),  9 

3 

20 

90 

11,  (13) 

12 

180 

10,  (Ik) 

15 

Note:  1.  Run  numbers  in  parentheses  are  recovery  temperature  runs; 

others  are  heat  transfer  runs. 


2.  Model  pressures  are  measured  on  all  runs. 

3.  The  angle  of  attack  of  a  rolled  model  Is  actually  Its  angle 
of  pitch  In  the  tunnel-fixed  coordinate  system. 
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SUMMARY 


Gasdynamic  techniques  required  to  enable  the  Hypervelocity 
impulse  Tunnel  to  reach  its  designed  limits  of  performance, 
including  velocities  up  to  20,000  ft/sec  and  run  times  of 
at  least  10  milliseconds,  have  been  tentatively  verified  in 
auxiliary  experiments.  Operation  and  control  of  a  combustible 
mixture  of  hydrogen  and  oxygen,  diluted  by  helium  or  nitrogen, 
have  been  demonstrated  in  the  drive  section  of  a  three-inch 
shock  tube,  and  have  subsequently  been  applied  with  good 
results  in  the  six-inch  drive  section  of  the  HIT.  Likewise, 
the  tai lored- interface  and  equ i 1 i brium- interface  techniques 
and  the  steady  driver  expansion  technique  at  the  principal 
diaphragm  have  been  practiced  successfully  in  the  three-inch 
shock  tube,  all  with  a  combustion  drive.  However,  the  use 
of  an  orifice  at  the  principal  diaphragm  to  prolong  the 
steady  test  duration  appears  to  be  of  marginal  value  in  the 
range  of  conditions  studied.  Analytical  methods  for 
determining  airflow  test  conditions  have  been  investigated. 
Instrumentation  suitable  for  the  shock  tunnel  environment 
is  being  developed.  Progress  therein,  as  wel 1  as  preliminary 
tunnel  calibration,  is  reported. 
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i.  mmsim 

Sine*  complete  leboratory  simulation  of  the  altitude  and  velocity  range 
of  current  interest  it  out  of  the  question,  experimental  hypersonic 
research  must  be  conducted  under  conditions  of  partial  simulation,  es 
discussed  in  reference  I.  In  order  to  partially  simulate  conditions 
of  interest  to  real  gas  studies,  this  investigation  has  been  undertaken 
with  the  goal  of  generating  uniform  flow  at  velocities  up  to  20,000 
ft/sec. 

The  DAL  Hypervelocity  Impulse  Tunnel  (HIT)  is  designed  to  generate  air 
velocities  up  to  20,000  ft/sec  with  test  durations  on  the  order  of  10 
milliseconds.  This  30-inch  shock  tunnel,  currently  in  an  early  stage 
of  calibration,  is  described  in  reference  2.  During  FY  1962,  as  part 
of  a  continuing  IR&D  Investigation,  several  gasdynamic  techniques  crucial 
for  ultimate  attainment  of  the  designed  performance  limits  have  been 
tentatively  verified  in  auxiliary  experiments.  For  example,  the 
tai lored- interface  technique  (references  3  and  4)  at  high  shock  Mach 
numbers  and  the  "steady"  diaphragm  configuration  (reference  3)  have 
been  utilized.  To  obtain  even  higher  performance  it  is  planned  to 
use  the  equilibrium-interface  technique  (references  4  and  5)*  To 
demonstrate  that  these  techniques  can  be  utilized  is,  tn  fact,  one 
goal  of  this  program;  the  other  goal  is  to  investigate,  as  thoroughly 
as  possible,  the  flow  in  the  test  section  of  the  HIT. 


2.  COMBUSTION  STUDIES 


To  obtain  the  stipulated  enthalpies  and  testing  times  in  the  HIT,  it  is 
appropriate  to  use  a  combustion  driver  and  either  the  tai lored- interface 
technique  or  the  equi I ibri urn- interface  technique.  The  technique  of 
using  the  exothermic  combustion  of  a  hydrogen-oxygen  mixture  to  heat 
either  a  helium  or  a  hydrogen  driver  gas  is  attractive  in  principle 
since  the  pressure  vessel  used  to  contain  the  mixture  does  not  have 
time  to  heat  up  appreciably.  However,  obtaining  satisfactory  combustion 
is  not  a  trivial  problem;  for  example,  the  use  of  combustion  drivers  is 
regarded  as  unsatisfactory  at  the  Cornell  Aeronautical  Laboratory  due 
to  excessive  shock  wave  attenuation  (reference  6),  poor  repeatabi  llty, 
and  a  tendency  for  the  mixture  to  detonate.  These  factors,  of  course, 
make  it  difficult  to  attain  taUored-'interface  conditions.  For  these 
reasons  it  is  necessary  to  determine  whether  a  combustion  technique 
can  be  developed  which  would  permit  successful  tailoring. 

In  order  to  obtain  good  combustion  results,  it  is  necessary  to  have  a 
homogeneous  mixture  of  the  constituent  gases  (reference  7).  In  addition, 
the  flame  path  after  ignition  must  be  kept  short;  in  other  words,  if 
the  mixture  Is  contained  in  a  long  tube,  it  must  be  ignited  in  a  number 
of  places.  In  order  to  get  a  satisfactory  mixture,  it  is  necessary  to 
use  positive  means  of  mixing  rather  than  to  rely  simply  on  thermal 
diffusion.  This  may  be  seen  by  noting  that  the  characteristic  time 
for  one  gas  to  diffuse  a  distance  S  through  another  gas  may  be  expressed 
as  82/dj2.  Now  for  hydrogen  diffusing  Into  helium,  the  coefficient  of 
diffusion  D12  is  about  2  x  10"3  ft2/sec  so  that,  if  S  is  34  feet  (the 
length  of  the  driver  tube),  the  characteristic  diffusion  time  becomes 
6  x  10'  seconds  or  about  one  week. 
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To  aid  in  mixing  tha  combustible  mixture,  a  feeder  tube  Is  installed 
Inside  the  driver  section  along  its  entire  length.  When  the  driver 
tube  is  to  be  filled,  the  gases  enter  one  end  of  the  feeder  tube  and 
are  sprayed  from  many  small  orifices  distributed  along  its  length. 

Since  there  is  an  appreciable  pressure  drop  in  the  feeder  tube,  the 
distances  between  orifices  decrease  exponentially  with  the  distance 
from  the  start  of  the  feeder  tube.  This  orifice  arrangement  permits 
nearly  constant  mass  addition  along  the  axis  of  the  driver  section. 

When  filling  the  driver,  sonic  flow  through  the  orifices  is  maintained. 
This  high-speed  flow  produces  a  swirling  motion  which  promotes  turbulent 
mixing. 

The  gas  mixture  is  Ignited  by  heating  an  ignition  wire  which  runs  axially 
along  the  centerline  of  the  driver  tube.  Various  methods  of  heating 
the  ignition  wire  have  been  Investigated  in  the  three- inch  shock  tube. 
These  range  from  exploding  small  (0.003- Inch-diameter)  copper  and 
aluminum  wires  to  both  "fast"  and  "slow"  heating  of  a  0.010-lnch- 
diameter  tungsten  wire.  "Fast"  heating  utilizes  the  discharge  of  a 
capacitor  bank  while  "slow"  heating  is  accomplished  with  domestic 
4ko-volt  power.  The  "fast"  heattng  of  the  0.010-lnch-dlameter  tungsten 
wire  is  judged  to  be  the  most  satisfactory  ignition  method,  with  about 
60  Joules/foot  of  energy  being  required  for  ignition. 

The  combustion  technique  described  above  produces  the  best  results  in  the 
three-inch  shock  tube.  >1  though  most  experimental  pressure  traces 
exhibit  some  pressure  oscillations  (fig.  1),  it  is  possible  to  obtain 
tai lored- 1 nterface  conditions  as  shown  in  fig.  2(a).  On  several  runs 
where  the  diaphragm  pressure  ratio  was  not  correct  for  tailoring,  the 
reservoir  pressure  adjusted  itself  to  a  steady  value  within  1  or  £ 
milliseconds.  This  gives  support  to  the  hope  that  It  will  be  possible 
to  use  the  equilibrium-interface  technique  to  increase  the  HIT  **. 

performance  beyond  that  obtainable  with  the  tai lored- in ter face  technique. 
However,  even  though  the  equilibrium-interface  technique  can  apparently 
produce  steady  reservoir  pressure,  the  enthalpy  distribution  in  the  test 
section  must  be  measured  before  the  usefulness  of  this  method  can 
properly  be  assessed.  This  is  necessary  because  there  may  be  appreciable 
mixing  of  the  driver  and  driven  gases  which  can  produce  nonuniformities 
In  the  enthalpy  level  while  maintaining  a  constant  pressure. 

The  oscillations  on  the  driver  pressure  trace  (fig.  1)  correspond  to 
a  weak  shock  wave  which  propagates  back  and  forth  in  the  closed  driver 
tube.  As  richer  mixtures  are  used  and  detonation  mixtures  are  approached, 
this  wave  becomes  stronger.  Now,  when  the  diaphragm  opens,  this  wave 
propagates  down  the  driven  tube  and  affects  the  reservoir  conditions 
deleteriously.  An  example  of  this  disturbance  terminating  steady 
conditions  in  the  reservoir  is  shown  in  fig.  2(b). 

Several  constant-volume  combustion  tests  have  been  made  in  the  HIT  to 
check  out  the  supporting  equipment  and  instrumentation  and  to  determine 
whether  the  technique  developed  In  the  three-inch  shock  tube  would 
give  satisfactory  results  in  the  larger  tube.  It  is  found  that  a 
stoichiometric  oxygen -hydrogen  mixture,  diluted  with  about  84.5$  helium, 
gives  the  best  results.  This  mixture  is  quite  lean,  barely  rich 
enough  to  sustain  burning,  and  the  resulting  combustion  is  quite 
gentle  as  Illustrated  in  fig.  3.  For  this  mixture  the  final  sound 


speed  «f  If  7100  ft/ sec,  •$  compered  with  the  meximum  sound  speed  of 
ebout  7500  ft/sec  which  Is  theoreticelly  obtained  with  e  mixture 
diluted  with  only  73 1»  helium  (fig.  4).  However,  when  mixtures 
richer  then  ebout  helium  were  tried  In  the  HIT,  violent  pressure 
fluctuetions  were  obtelned.  Studies  are  currently  under  wey  to 
extend  the  renge  over  which  good  combustion  cen  be  obtelned. 


3.  STEADY  DRIVER  EXPANSION  CONFIGURATION 

For  e  shock  tube  with  the  dimensions  of  the  HIT  end  operating  under 
tel  I ored- inter face  conditions,  the  first  disturbance  that  arrives 
at  the  reservoir  region  is  the  result  of  the  interaction  of  the 
reflected  shock  wave  and  the  tail  of  the  expansion  wave  (fig.  5)» 
it  is  normal,  then,  to  assume  that  this  disturbance  terminates  the 
useful  test  time.  In  theory,  it  is  possible  to  eliminate  this 
disturbance  by  eliminating  the  portion  of  the  nonsteady  expansion 
wave  that  expands  the  flow  supersonically.  This  is  done  by  placing 
a  throat  at  the  diaphragm  section  and  a  diverging  nozzle  downstream 
of  it.  This  modification  has  been  called  the  steady  configuration 
(reference  3)  because  the  supersonic  expansion  proceeds  here  in  a 
steady  rather  than  a  nonsteady  fashion.  In  theory,  the  use  of  the 
steady  driver  expansion  technique  usually  increases  the  test  time 
by  a  factor  of  two  or  three  at  the  expense  of  a  lower  shock  Mach  number 
Ms  for  a  given  diaphragm  pressure  ratio.  The  reason  for  this  decrease 
in  Ms  is  that  a  steady  expansion  is  less  efficient*  than  a  nonsteady 
expansion  in  supersonic  flow. 

Diaphragm  throat-nozzle  inserts,  designed  for  Ms  ■  6  and  Ms  =  10, 
have  been  fabricated  for  the  three- inch  shock  tube.  However,  it  is 
difficult  to  detect  any  difference  in  performance  between  runs  when 
these  Inserts  are  used  and  when  they  are  not.  In  general,  the  useful 
run  times  seem  to  be  as  long  as  one  would  expect  with  the  steady 
modification,  even  when  the  throat-nozzle  insert  is  not  installed. 

This  tentative  conclusion  has  been  substantiated  by  the  limited  results 
obtained  in  the  HIT.  One  reason  for  this  apparent  independence  of 
diaphragm  configuration  is  that  the  disturbance  resulting  from  the 
interaction  of  the  reflected  shock  wave  and  the  tail  of  the  expansion 
wave  is  in  many  cases  quite  weak  (reference  5).  Perhaps  for  the  range 
of  HIT  operating  conditions,  this  disturbance  does  not  significantly 
affect  the  steadiness  of  the  reservoir  pressure. 
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*  The  expansion  process  that  produces  the  largest  velocity  increase  for 
a  given  pressure  decrease  is  defined  as  the  most  efficient. 
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The  HIT  test  section  conditions  were  predicted  prior  to  ectuel  tunnel 
operation  by  using  an  empirical  boundary  lever  theory  (reference  8) 
to  calculate  the  effective  area  ratio  (A/A*),  and  by  assuming  a  one* 
dimensional,  isentroplc  expansion  of  air  In  equilibrium  (as  described 
In  reference  9)«  The  results  of  these  calculations  are  shown  in 
figs.  6  to  8.  The  variation  in  test  section  Mach  number  with  reservoir 
conditions  Is  shown  In  fig.  6.  Here  it  is  seen  that  the  test-section 
Mach  number  may  be  varied  between  9«5  and  28.  Fig.  7  shows  the  extent 
of  the  core  of  inviscid  flow  in  the  test  section.  The  usable  core 
varies  from  nearly  13  inches  (for  nozzle  throat  diameter  d*  ■  0.840  in. 
and  air  reservlor  pressure  =  30,000  psi)  to  about  3«5  inches  (for 
d*  =  0.030  in.  and  =  1,000  psi).  Fig.  8  shows  the  operating 
envelope  in  terms  or  Reynolds  number  and  test  Mach  number.  The 
Reynolds  number  ranges  between  300  and  3  x  10?  per  foot. 

The  theoretical  performance  curves  provide  a  reference  for  the  correlation 
of  actual  calibration  data,  they  give  operating  envelopes  to  be  used  in 
the  design  of  instrumentation,  and  they  provide  an  idea  of  the  simulation 
capabilities  of  the  HIT. 


5.  CALIBRATION  TECHNIQUES 

Several  methods  for  determining  the  test-section  conditions  in  the  HIT 
have  been  analyzed.  The  simplest  of  these  techniques  requires  only  a 
pitot  pressure  measurement  in  the  test  section  in  addition  to  knowledge 
of  the  reservoir  pressure  which  may  be  either  measured  directly  or 
calculated  from  the  measured  Ms»  All  other  test  section  properties  can 
then  be  found  from  real-gas  tables  (for  example,  references  10  and  11), 
if  the  nozzle  flow  is  considered  to  be  an  i sen tropic  expansion  of 
equilibrium  air.  However,  several  other  methods  have  been  considered 
where  it  is  not  necessary  to  assume  isentroplc  flow  in  the  nozzle  and 
no  dependence  is  made  on  the  reservoir  conditions.  One  such  method 
makes  use  of  a  stagnation-point  heat-transfer  measurement  while  another 
technique  utilizes  a  direct  test-section  velocity  measurement  by 
op i teal  means. 

The  Fay  and  Riddell  equation  for  heat  transfer  from  a  gas  in  equilibrium 
to  a  stagnation  point  (reference  12)  has  been  well  verified  experimentally 
in  shock  tubes  and  shock  tunnels  (for  example,  references  13  and  lh). 

The  total '-enthalpy  of  the  airflow  In  the  HIT  test  section  can  be  found 
from  this  equation  after  measuring  the  pitot  pressure  and  the  heat 
transfer  rate  to  the  stagnation  point  of  a  simple  body,  such  as  a 
sphere.  Once  the  stagnation  conditions  are  known,  the  free-stream 
conditions  can  be  determined  from  the  normal  shock  wave  equations 
limited  by  the  assumption  that  the  flow  in  the  shock  layer  is 
incompressible. 

Another  technique  to  evaluate  the  enthalpy  level  in  the  test  section 
is  to  measure  the  free-stream  velocity  optically  (for  example, 
references  15  and  16).  The  velocity  is  determined  by  generating  a 
disturbance  at  the  upstream  end  of  the  test  section  and  photographing 
(with  the  help  of  a  spark-schl leren  system)  the  position  of  this 


disturbance  a  known  tine  interval  later,  in  addition,  experimental 
studies  are  presently  under  way  to  try  to  relate  (using  blast-wave 
theory)  the  rate  of  expension  of  this  disturbance  wave  to  the  free- 
stream  density.  If  a  static  property  such  as  the  density  can  be 
determined,  the  degree  of  nonequilibrium  present  in  the  test  section 
can  be  evaluated. 

If  the  flow  in  the  nozzle  can  be  considered  isentroplc,  the  degree  of 
nonequii ibrium  in  the  test  section  can  be  evaluated  by  obtaining  one 
test-section  measurement  In  addition  to  the  pitot  pressure  (reference 
17).  For  given  free-stream  stagnation  conditions,  appropriate  curves 
can  be  constructed  using  reference  10.  It  Is  assumed  in  this  method 
thet  air  Is  in  equilibrium  up  to  a  point,  then  chemical  composition 
suddenly  becomes  frozen  until  the  air  passes  through  a  normal  bow 
shockwave,  after  which  it  is  assumed  to  be  in  equilibrium  again. 

Fig.  9  is  an  example  of  such  a  plot  with  pitot  pressure  plotted  against 
static  pressure.  From  this  plot,  the  point  where  the  composition 
freezes, and  hence  the  chemical  composition  ahead  of  the  bow  shock 
wave,  can  be  determined. 


6.  INSTRUMENTATION 

Shock-wave  velocity,  shock-tube  pressures,  test-section  pressures  and 
test- sect  ion  heat  transfer  have  been  measured  during  the  course  of 
this  investigation.  The  systems  used  to  measure  these  quantities  are 
briefly  described  below. 

An  average  shock-wave  velocity  is  determined  by  measuring  the  shock 
transit  time  between  two  stations.  The  shock  wave  is  detected  either 
by  a  thin-film  resistance  thermometer,  which  senses  the  temperature 
rise  behind  the  shock  wave,  or  by  a  transducer  which  detects  the 
ionization  behind  the  shock  wave.  The  ionization  detectors  are  much 
less  troublesome  as  they  use  a  passive  electronic  circuit  and  their 
signal  does  not  require  amplification.  Unfortunately,  they  cannot  be 
used  for  shock  waves  weaker  than  about  shock  Mach  number  6,  as  below 
this  value  the  ionization  level  behind  the  shock  wave  is  too  low. 

Shock-tube  pressures  between  100  and  6000  psi  have  been  measured  with 
Kistler  Model  605  quartz  piezoelectric  pressure  transducers.  The  charge 
amplifiers  (Kistler  Model  363)  that  complete  the  measuring  system  have 
a  sufficiently  long  time  constant  to  allow  static  calibration  of  this 
system. 

Several  pressure  transducers  are  being  evaluated  for  the  low  (0.03 
to  30  psi)  test-section  pitot  pressure  measurements  required.  These 
transducers  include  Kistler  Models  701  and  U01  and  Atlantic  Research 
Corp.  Model  IC-60.  When  used  with  Kistler  Model  568  charge  amplifiers, 
the  Model  kOl  and  TO I  transducers  can  also  be  calibrated  statically. 

The  calibrated  sensitivities  of  these  Kistler  transducers  is  within  30$ 
of  their  advertised  values.  It  appears  that  the  Model  401  and  701 
transducers  are  limited  by  noise  to  pressures  above  about  0.1  psi. 

Based  on  their  theoretical  sensitivity,  the  ARC  transducers  should  be 
capable  of  pressure  measurements  to  0.01  psi,  and  possibly  even  lower. 

In  order  to  calibrate  these  ARC  transducers  it  was  necessary  to  develop 
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special  low-range  calibration  techniques.  The  sensitivity  of  these 
transducers  dictates  that  they  must  be  Isolated  from  any  mechanical 
valving  device*  and  their  transient  response  characteristic  necessitates 
that  the  pressure  step  have  a  rise  time  of  one  millisecond  or  less. 

It  has  not  been  possible  as  yet  to  obtain  a  calibration  which  agrees 
with  the  calibration  supplied  with  the  ARC  transducers.  In  addition* 
these  transducers  do  not  give  a  step  output  v4ten  exposed  to  what  all 
other  evidence*  Indicated  was  a  step  Input  in  the  HIT  test  section. 

The  three-inch  shock  tube  is  currently  being  prepared  as  a  calibration 
device  to  supply  a  known  shock-wave  pressure  change  to  these  transducers 
so  that  their  characteristics  can  be  examined  more  carefully. 

Two  different  techniques  are  to  be  used  to  obtain  heat-transfer  rate 
measurements  in  the  HIT.  One  technique  uses  a  thin-film  resistance 
thermometer  while  the  other  uses  a  calorimeter.  The  thin-film 
transducer  consists  of  a  thin  metallic  film  applied  over  an  Insulator 
backing  which  can  be  considered  to  be  of  infinite  thickness  for  run 
durations  typical  of  the  HIT.  The  thin-film  element  then  senses  the 
surface  temperature  of  the  backing  material.  Indicating  its  temperature 
change  with  a  change  in  resistance.  From  the  surface  temperature  history 
of  the  backing  material  the  heat-transfer  rate  can  be  calculated  from 
the  known  solution  for  cne-dtmenslonal  heat  conduction  to  a  semi-infinite 
body. 

The  calorimeter  incorporates  a  thermal  mass  which  retains  the  heat 
transferred  to  it.  Hence  the  heat-transfer  rate  is  proportional  to 
the  time  rate  of  change  of  the  average  temperature  of  the  thermal  mass. 
Stagnation  point  heat-transfer  measurements  have  been  made  in  the  HIT 
test  section  using  a  calorimeter  (Hldyne  Model  HT-100),  which  Is  cal¬ 
ibrated  by  the  manufacturer  and  is  extremely  simple  to  use. 

As  noted  in  the  previous  section,  static  pressure  measurements  are 
extremely  valuable  in  evaluating  nonequilibrium  effects.  However,  no 
commercially  available  transducers  seem  to  be  capable  of  measuring 
these  extremely  low  pressures  (0.36  to  0. 00004  psi).  For  these  reasons, 
a  transducer  similar  to  that  developed  at  Cornell  Aeronautical  Laboratory 
(reference  18)  Is  being  designed  and  built  for  evaluation  at  D.\L. 

This  transducer  utilizes  a  bi morph  lead  zirconate  titanate  beam  which 
is  loaded  In  bending  (fig.  10).  The  piezoelectric  crystal  is  protected 
from  temperature  effects  and  acceleration  compensation  is  built  Into 
the  transducer  through  the  use  of  a  second  diaphragm  and  crystal.  This 
transducer  should  have  a  natural  frequency  of  about  10,000  cps  and  a 
range  from  about  0.001  to  1  psl. 


*  The  reservoir  pressure  and  two  other  pitot-pressure  measurements,  all 
made  with  Klstler  transducers,  indicated  a  step  input  of  pressure. 


7.  PREUMIHARV  RESULTS  OF  TUMNEL  CALIBRATION 


Some  initial  calibration  results  Hava  been  obtatnad  in  the  HIT  at  the 
nominal  Mach  10  cold  operating  point  (reference  2).  For  this  enthalpy 
level*  the  shock  Mach  number  required  for  tailoring  is  about  2.7;  this 
can  be  obtained  with  a  driver  gas  mixture  of  92$  helium  and  8$  nitrogen, 
both  at  room  temperature.  Several  runs  have  been  made  using  a  driver 
mixture  nominally  consisting  of  90$  helium  and  10$  nitrogen  at  1000  psi. 
Fig.  II  shows  that  the  experimental  diaphragm  pressure  ratio  (pl«./pi) 
required  for  shock  strengths  in  this  range  correlates  batter  with  the 
theoretical  curve  for  a  straight  shock  tube  than  with  the  curve  for  a 
tube  with  the  HIT  geometry  of  36/25  area  convergence  at  the  diaphragm 
section.  The  amount  of  shock-wave  attenuation  measured  during  these  runs 
Is  negligible.  An  example  of  the  reservoir  pressure  under  these  conditions 
is  shown  in  fig.  12(a).  Here  it  is  seen  that  the  run  time  (time  of 
constant  reservoir  conditions)  Is  about  23  milliseconds  with  the  pressure 
constant  to  within  t5$. 

Fig.  12(b)  shows  a  typical  pitot-pressure  record  obtained  on  the  test 
section  centerline*  2  inches  aft  of  the  nozzle  exit.  Here  it  is  seen 
that  the  pressure  is  constant  for  at  least  15  milliseconds.  Measurements 
taken  6  and  11  Inches  from  the  centerline  exhibit  this  same  constant 
pressure  behavior.  On  this  run  the  test  section  Mach  number  determined 
from  the  pitot  pressure  measurements  (Hq,  =  10.6)  agrees  with  the  predicted 
value  of  Mqd  *  11.1  (fig.  6)  within  the  limit  of  experimental  accuracy. 

During  this  series  of  runs  one  stagnation  point  heat  transfer  measurement 
was  made  with  a  calorimeter*.  The  oscilloscope  record  is  shown  in  fig. 

13.  A  constant  slope  indicates  a  constant  heat  transfer  rate  or  that  the 
enthalpy  level  In  the  test  section  is  constant.  It  is  seen  that  the  heat 
transfer  rate  is  Indeed  constant  for  at  least  15  milliseconds.  On  this 
run  the  heat  transfer  rate  is  within  1$  of  that  predicted  by  the  Fay- 
Riddel  1  theory  for  the  measured  reservoir  conditions. 


*The  transducer  was  damaged  during  the  run;  this  damage  is  believed  to  be 
the  result  of  faulty  transducer  construction,  not  foreign  particles  in  the 
olrstream. 
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FIGURE  J.  PRESSURE  HISTORY  OF  CONSTANT  VOLUME  COMBUSTION 
IN  THE  THREE- INCH  SHOCK  TUBE  DRIVER 


r—  Arrival  of  Shock  Wave 


I — Arrival  of  Disturbances  From 
I  Drive  Section 


Nomi na I _ 

Test  Duration 


(a)  Near  Tailoring  with  Combustion  Driver 


Shock  wave  Mach  number  Ms  =  10.4;  Initial  air  pressure  =  1.01  psia 
Sweep:  1  millisecond/division 
Sensitivity:  720  psi/division 


—  Arrival  of  Shock  Wave 

-  Arrival  of  Strong  Shock  Wave  due  to 

,  ,  Combustion  Disturbance 


(b)  Effect  of  Combustion  Disturbance 


Shock  wave  Mach  number  Ms  =  8.9;  initial  air  pressure  =  0.98  psi 
Sweep:  1  millisecond/division 
Sensitivity:  720  psi/division 


FIGURE  2.  PRESSURE  RECORDS  AT  DOWNSTREAM  END  OF  DRIVEN  TUBE 


Initial  Pressure:  630  psi 
Initial  Mixture:  5.1#  02,  10.3 #  H2,  84,6#  He 
Sweep:  200  mi  1 1 i seconds/di  vision 
Sensitivity:  1030  psi/divislon 


FIGURE  3.  PRESSURE  HISTORY  OF  CONSTANT  VOLUME  COMBUSTION 
IN  SIX- INCH-DIAMETER  DRIVER 


3-12 


THEORETICAL  PERFORMANCE  OF  CONSTANT  VOLUME  COMBUSTION 
OF  A  MIXTURE  OF  HELIUM  AND  STOICHIOMETRIC  OXYGEN  AND  HYDROGEN 

(ASSUMING  NO  HEAT  LOSS) 
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FIGURE  4 
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WAVE  DIAGRAM  OF  SHOCK  TUNNEL  USING  TAILORED  INTERFACE  TECHNIQUE 


DEPENDENCE  OF  TEST  SECTION  MACH  NUMBER 
ON  AIR  RESERVOIR  CONDITIONS 
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FIGURE  6 
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RADIUS  OF  INVISCID  TEST  AIR  CORF  IN 
HYPERVELOCITY  impulse  tunnel 
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REYNOLDS  NUMBER  PER  FOOT  VS.  TEST  SECTION  MACH  NUMBER 
IN  THE  HYPERVELOCITY  IMPULSE  TUNNEL 
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FIGURE  8 
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VARIATION  OF  PRESSURE  BEHIND  NORMAL  SHOCK 
WITH  FREE  STREAM  STATIC  PRESSURE 


3-18 


Fraa-straam  Static  Pressure  (psia) 


LEAD  ZIRCONATE  TITANATE  (PZT)  TRANSDUCER 
(FROM  REF  18) 
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SHOCK  TUBE  EXPERIMENTAL  RESULTS 
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FIGURE  11 


Arrival  of  Shock  Wava 


Normal 

rSit  Duration 


-Arrival  of  Dr Ivor  Expansion  Wava 


(a)  Reservoir  Pressure 


Sweep:  5  ml 1 1 1  seconds/di vis ion 
Sensitivity:  420  psi/dlvision 
Shock  Mach  Number  ■  2.56 


(b)  Test  Section  Pitot  Pressure 


Sweep:  2  mi  1 1 1seconds/division 
Sensitivity:  0.45  psi/divlsion 
Test  Section  Mach  Number  -  10.6 


FIGURE  12.  TYPICAL  RESULTS  OF  HYPERVELOCITY  IMPULSE  TUNNEL  CALIBRATION 


FIGURE 


Shock  wave  Mach  number  Ms  -  2*76 
Pitot  pressure  p*  ■  2.22  psl 
Sensitivity:  200  ^v/ division 


13.  CALORIMETER  RECORD  OF  THE  TEST  SECTION 
STAGNATION-POINT  HEAT-TRANSFER  RATE 
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SUMMARY 


A  two-stage  light-gas  gun  and  100-foot  ballistic  range  are  in 
an  early  stage  of  development  and  operation  at  DAL. 

Principles  of  design  and  operation  are  reported  in  support 
of  the  proposed  limits  of  performance,  viz.,  15,000  ft/sec 
from  a  single-stage  gun  of  1.5-inch  bore  and  30,000  ft/sec 
from  a  two-stage  gun  of  0.25- inch  bore.  Several  types  of 
initial  experiments  have  been  performed.  For  example,  50- 
gram  models  have  been  launched  from  the  single-stage  gun  at 
velocities  ranging  up  to  15,000  ft/sec.  Instrumentation 
systems,  with  emphasis  on  telemetry,  are  in  an  early  develop¬ 
mental  stage.  Encapsulated,  microminiature,  telemetry  carrier 
oscillator  circuits,  0.5-inch  diameter  by  1.1-inch  long,  have 
been  built  and  transmit  at  frequencies  to  80  megacycles.  It 
is  estimated  that  3  to  7  channels  of  pressure  or  temperature 
information  can  be  telemetered  from  a  model  by  frequency 
modulation  of  a  110-megacycle  carrier. 
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NOTATI ON 


Speed  of  sound  in  the  products  of  gun  powder  combustion 
in  the  pump  tube 

initial  speed  of  sound  In  the  gas  In  the  pump  tube 

Speed  of  sound  of  the  gas  acting  Initially  on  the  model  or 
piston  In  the  first  launch  tube  after  establishment  of  the 
reflected  shock  wave  in  the  pump  tube 

Cross-section  area  of  the  launch  tube  and  frontal  area  of 
the  project! le 

Capacl tance 

Drag  coefficient 

Energy 

Length  of  the  launch  tube 

Hass  of  the  projectile,  model  or  piston 

Pressure  of  the  products  of  gun  powder  combustion  in  the 
pump  tube 

Initial  pressure  in  the  pump  tube 

Static  pressure  behind  the  incident  shock  wave  in  the  pump 
tube 

Pressure  acting  Initially  on  the  model  or  piston  In  the  first 
launch  tube  after  establishment  of  the  reflected  shock  wave 
in  the  pump  tube 

Pressure  on  the  model  base 

Resistance 

Time,  or  time  constant  of  spark 

Temperature  of  the  gas  initially  in  the  pump  tube 

Temperature  of  the  gas  acting  initially  on  the  model  or 
piston  in  the  first  launch  tube  after  establishment  of  the 
reflected  shock  wave  in  the  pump  tube 

Gas  velocity  behind  the  incident  shock  wave  in  the  pump  tube 

Projectile  velocity 

Muzzle  velocity  of  the  projectile 

Vol tage 

Coordinate  along  the  flight  path 

Ratio  of  specific  heats  In  the  gas  in  the  pump  tube  and  behind 
the  model  or  piston  In  the  first  launch  tube 

Ratio  of  specific  heats  in  the  products  of  gun  powder 
combustion  In  the  pump  tube 

Ambient  densi ty 


INTRODUCTION 


The  following  quotation  from  rafaranca  I  racords  tha  naad  for  facllltlas 
to  augmant  tuparionlc  wind  tunnalt  at  htghar  Mach  numbars:  'Tha  numbar 
of  naw  aarodynamlc  and  tharmodynaml c  affacts  ancountarad  In  air  flows  at 
hyparsonic  spaad  which  ara  not  wall  undarstood  theoretically  has  made  It 
necessary  to  rely  heavily  on  experiment  In  this  spaad  range.  Methods 
for  making  suitable  experiments  have  themselves  posed  formidable  problems. 
It  has  proved  to  be  Inherently  difficult  to  establish.  In  wind  tunnels, 
condensation-free  air  flows  with  speeds  of  the  order  of  (or  greater  than) 

10  times  the  speed  of  sound  in  tha  free  stream.  It  is  still  more 
difficult  to  maintain  In  these  flows,  on  even  a  short-duration  basis, 
stagnation  temperatures  equal  to  those  for  flight  at  tha  test  Mach  number, 
as  is  necessary  for  simulating  the  characteristics  of  the  atr  when  mole¬ 
cular  vibration,  dissociation.  Ionization,  and  other  physical  and  chemical 
reactions  occur  in  the  disturbed  flow  field.  Furthermore,  to  maintain  the 
Reynolds  number  In  the  range  of  Interest  for  flight.  It  is  necessary  to 
make  very  large  wind  tunnels  and  to  operate  them  at  stagna .  *n  pressures 
measured  In  tens  or  hundreds  of  atmospheres.  These  difficulties,  while 
counter-balanced  by  the  convenience  and  utility  of  wind  tunnel  testing, 
are  so  formidable  that  they  have  led  to  a  search  for  alternate  methods 
of  making  hypersonic  experiments." 

One  alternate  method,  the  subject  of  this  research  and  development  program, 
Is  free-flight  testing  of  laboratory-scale  models  which  are  flown  at  the 
full  velocity  of  the  missile.  In  this  type  of  test,  temperatures  are 
approximated  and  aerodynamic  heating  of  the  model  Is  representative  of 
that  experienced  by  the  missile  In  hypervelocity  flight.  This  type  of 
facility,  originally  developed  for  measurement  of  drag  and  stability  of 
artillery  projectiles,  Is  still  referred  to  as  the  ballistic  range. 

The  DAL  Light-Gas  Gun  Ballistic  Range  is  designed  to  fire  a  projectile 
at  hypervelocity  into  a  controlled  atmosphere.  The  projectile  is  launched 
by  the  action  of  a  light,  compressed  gas  produced  in  a  gun  by  combustion 
of  rifle  powder.  Design  limits  are  15,000  ft/sec  from  a  single-stage  gun 
of  1.5~inch  bore  and  30,000  ft/sec  from  a  two-stage  gun  of  0.25-lnch  final 
bore.  The  light  gas  gun  and  100-foot  range  are  currently  in  an  early 
stage  of  development  and  operation. 

During  FY  1962,  as  part  of  a  continuing  IR&D  study,  several  types  of 
Initial  experiments  have  been  performed  and  theoretical  performance 
analyses  and  instrumentation  system  analyses  have  proceeded.  The  gas- 
dynamics  and  ballistics  of  the  one-  and  two-stage  guns  have  been  analyzed 
for  prediction  of  ultimate  performance.  Techniques  for  measuring  drag 
coefficients  and,  ultimately,  complete  stability  data  from  optical 
observations,  have  been  worked  out.  Optical  and  timing  systems  have 
been  checked  by  firing  a  30-callber  rifle  in  the  range  tank.  The 
ultimate  utility  of  this  facility  will  be  realized  when  the  required 
information  can  be  telemetered  from  the  model  during  flight.  To  this 
end,  telemetry  systems  are  being  developed  which  are  compatible  with 
the  model  scale  and  with  the  dimensions  of  the  range  tank,  and  which  can 
operate  after  accelerations  approaching  10°  g. 
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2.  FACILITY 


Figure  1  Is  a  schematic  representation  of  the  DAL  Light-Gas  Gun 
Ballistic  Range.  The  major  components  are  the  launcher,  blast 
receiver,  and  test  chamber. 

The  launcher  is  a  light-gas  gun  that  accelerates  the  model  to  the  test 
velocity.  It  consists  of  a  3.5-inch-bore  pump  tube,  15  feet  In  length, 
capable  of  operating  at  peak  pressures  as  high  as  36,000  psl,  and  a 
launch  tube,  1.5-inch  smooth  bore  by  26.3  feet  long,  in  which  the  model 
is  accelerated.  Typically,  prepressurt zed  helium  is  further  compressed 
in  the  pump  tube  by  burning  a  gun  powder  charge  at  the  breech.  The 
helium  propels  the  model  through  the  pre-evacuated  launch  tube  to  a 
velocity  as  high  as  15,000  ft/sec.  A  second  gun  configuration  Is 
available  by  adding  as  a  second  stage  a  0. 25-Inch  smooth-bore  barrel 
at  the  muzzle  end  of  the  1.5"inch  launch  tube.  In  this  arrangement,  the 
piston  driven  through  the  1.5“inch  tube  compresses  helium  or  hydrogen 
which  then  propels  the  0.25- inch  model  through  the  second  stage.  The 
1.5~inch  piston  deforms  and  flows  plastically  into  a  convergent  section 
at  the  downstream  end  of  its  tube  while  the  model  is  traversing  Its 
tube;  this  alleviates  inertial  loading  of  the  model  with  no  sacrifice 
in  muzzle  velocity.  The  two-stage  gun  is  capable  of  launching  small 
particles  at  velocities  in  excess  of  20,000  ft/sec,  perhaps  at  30,000 
ft/sec. 

After  leaving  the  gun  muzzle,  the  model  or  particle  enters  the  pre¬ 
evacuated  blast  receiver,  an  800-cubic-foot  tank  containing  seven 
baffle  plates.  The  model  flies  through  holes  provided  In  the  baffle 
plates,  while  the  sabot  or  its  fragments,  being  aerodynami cal 1y 
unstable,  leave  the  flight  path  and  impact  on  the  baffles.  The  blast 
from  the  gun  is  attenuated  also  by  these  plates  by  expansion  of  the 
helium  propellant  and  of  the  gaseous  products  of  gun  powder  combustion 
into  the  voids  between  baffles,  and  thus  out  of  the  flight  path. 

After  leaving  the  blast  receiver,  the  model  passes  through  a  quick- 
operating  valve.  This  valve  is  closed  prior  to  model  launch  initiation 
and  opens  In  sychronism  with  the  model  motion.  The  purpose  of  this 
device  is  to  separate  the  atmospheres  in  the  two  tanks,  blast  and  range, 
which  frequently  have  a  pressure  differential.  The  valve  closes  quickly 
behind  the  model  about  0.1  second  after  opening. 

The  range  tank,  currently  100  feet  long  by  10  feet  in  diameter,  is  the 
test  chamber.  It  contains  the  instrumentation  necessary  for  observation 
of  model  parameters  during  free  flight.  At  the  end  of  the  range,  the 
test  model  is  stopped  by  the  model  catcher,  a  thick-walled  container 
fillacl  with  fire-resistant  cotton  waste. 
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3.  THEORETICAL  PERFORMANCE  Or  THE  LIGHT-GAS  GUN 


A  test  In  the  ballistic  range  begins  with  launching  the  model.  Therefore 
prime  consideration  must  be  given  to  the  accelerating  device.  If  the 
flights  are  to  be  made  at  hyperveloct ties,  one  cannot  employ  a  conventional 
military  cannon  or  conventional  ordnance  technology.  The  muzzle  velocity 
of  a  gun  powered  by  combustion  of  nitrocellulose  gun  powder  is  limited 
theoretically  to  10,000  ft/sec  If  fired  into  the  atmosphere,  or  to  28,000 
ft/sec  if  fired  Into  a  vacuum. 

These  are  Ideal  performances  based  upon  assumptions  of  infinite  pressure, 
infinite  length  and  a  frictionless,  adiabatic  barrel  wall,  and  are  not 
actually  obtainable  In  practice.  Maximum  performance  of  the  best  nitro¬ 
cellulose  gun  with  an  evacuated  barrel  is  limited  In  practice  to  about 
10,000  ft/sec. 

The  requirements  for  the  DAL  Ballistic  Range  are  velocities  in  excess  of 
10,000  ft/sec  for  aerodynamic  studies  and  greater  than  20,000  ft/sec  for 
Impact  testing.  Consequently,  the  design  goals  are,  respectively,  15,000 
and  30,000  ft/sec. 

The  principal  limitation  on  performance  of  conventional  guns  is  due  to  the 
high  molecular  weight  of  the  propellant  gases.  The  products  of  combustion 
of  gun  powder,  which  drive  the  projectile  out  of  the  barrel,  have  a  mole¬ 
cular  weight  cf  2k  to  28.  Therefore,  a  relatively  large  proportion  of  the 
available  energy  must  gr>  into  the  acceleration  of  the  propellant  gases. 

To  overcome  this  limitation,  one  employs  the  light-gas  gun,  wherein  a  low- 
molecular-weight  gas  such  as  helium  or  hydrogen  is  substituted  as  the 
propellant  gas.  Less  energy  is  absorbed  by  accelerating  the  gas  and 
correspondingly  more  energy  is  imparted  to  the  model  or  projectile. 

In  the  study  that  was  undertaken  to  design  the  DAL  light-gas  gun  and  to 
evaluate  Its  optimum  performance,  numerous  reports  of  similar  facilities 
have  been  reviewed.  References  1  to  4  are  important  reports  of  different 
types  of  light  gas  guns. 


3. 1  Pump  Tube 

The  pump  tube  Is  3*5  inches  inside  diameter,  15  feet  long,  with  a  bag 
of  gun  powder  filling  12  inches  at  the  breech  end,  and  Is  designed  for 
operating  pressures  up  to  38,000  psl.  The  tube  is  prepressurized  to  pj 
with  helium  at  room  temperature.  Combustion  of  the  gun  powder  compresses 
the  helium  in  a  manner  not  unlike  the  action  in  a  common  shock  tube.  In 
fact,  assumptions  by  which  to  analyze  this  compression  process  are  evolved 
to  capitalize  on  the  similarities. 

It  is  assumed  that,  instantaneously  after  Ignition  of  the  gun  powder,  a 
large  volume  of  the  hot,  pressurized,  heavy  products  of  combustion  begin 
to  work  on  the  helium,  and  that  the  combustion  proceeds  steadily  in  such 
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•  way  that  thase  driving  conditions  remain  constant  during  helium 
compression.  This  Is  equivalent  to  assuming  that  the  helium  Is  suddenly 
exposed  to  an  effectively  infinitely  large  chamber  filled  with  the 
products  of  combustion  at  the  stipulated  conditions,  an  assumption 
validated  by  experience  with  other  light-gas  guns  of  similar  config¬ 
urations.  The  instantaneous  ignition  and  sudden  establishment  of  driver 
conditions  generates  a  shock  wave,  called  the  Incident  shock  wave,  which 
compresses  the  helium  and  accelerates  it  toward  the  model  (or  piston). 
This  shock-processed  helium  Is  brought  to  rest  momentarily  at  the  dov«i- 
stream  end  of  the  pump  tube  as  the  shock  wave  is  rafl acted  upstream  by 
the  Initially  stationary  model.  The  stagnant,  twice-shocked  helium 
acts  Instantaneously  on  the  model  and  launches  It.  The  state  of  the 
compressed  helium  gradually  relaxes  from  this  Initial  condition  as  the 
model  shears  from  Its  flange  and  accelerates  through  the  launch  tube. 

It  is  a  simple  matter  to  calculate  this  initial  condition  of  the 
stagnant,  compressed  helium,  vshlch  characterizes  the  performance  of  the 
pump  tube,  by  applying  perfect  gas  relations  to  the  combustion  products 
and  to  the  helium.  These  relations  are  given,  for  example,  in  reference 
5,  and  are  well  verified  in  practice  (see  reference  6,  for  example). 
Subscripts  I,  2,  and  5  identify  the  helium  In  its  initial  state  after 
passage  of  the  reflected  shock  wave;  subscript  c  Identifies  the  products 
of  combustion  of  the  powder  charge. 

Since  helium  is  a  perfect  gas  (for  example.  Its  ratio  of  specific  heats  K 
is  a  constant,  5/3)  in  the  range  of  interest,  its  constant  velocity  uq 
behind  the  incident  shock  wave  is 


u2  =  a,  (^  -  1)  (£  L<  +«>  ~  + 


-  1/2 


where  a.  Is  the  initial  speed  of  sound  in  the  helium.  It  is  convenient, 
then,  to  specify  a  pressure  ratio  p2/p]  across  the  incident  shock  wave 
in  order  to  calculate  the  desired  conditions.  The  cross-sectional  area 
of  the  driver  section  of  the  equivalent  shock  tube  has  been  assumed  to 
be  so  large  relative  to  the  area  of  the  pump  tube  that  the  velocity  of 
the  combustion  products  traversing  the  hypothetical  driver  section  Is 
negligible  compared  to  the  local  speed  of  sound  ac.  Furthermore,  in 
the  range  of  interest,  the  driver  pressure  pc  Is  sufficiently  great 
relative  to  the  initial  helium  pressure  p|  that  the  flow  of  combustion 
products  into  the  helium  zone  is  choked,  i.e.,  proceeds  from  sonic  speed 
through  a  nonsteady  expansion  to  supersonic  speed.  Under  these  conditions, 
the  pressure  at  which  the  combustion  products  are  supplied  is 


r  rc  +  i 

Pc  =  P2  — r~ 
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The  pressure  and  temperature  of  the  helium  acting  initially  on  the  model, 
behind  the  reflected  shock  wave,  are 
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The  properties  of  the  products  of  combustion  are  assumed  to  be  those 
of  a  gas  produced  by  a  typical  nitrocellulose  powder,  namely  a  ratio 
of  specific  heats  &c  of  5/4  and  a  speed  of  sound  ac  of  3800  ft/sec 
(reference  6).  If  the  helium  is  Initially  at  80°F,  its  speed  of  sound 
a |  is  3340  ft/sec.  The  foregoing  relations  become 
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The  unbroken  curves  in  figure  2  show  the  pressure  and  temperature  T5, 
in  terms  of  Initial  values,  which  can  be  expected  to  act  on  the  model 
at  the  start  of  its  run  as  functions  of  the  ratio  of  combustion  pressure 
pc  to  initial  pressure  pj,  within  the  framework  of  assumptions.  The 
condition  that  the  flow  of  combustion  products  into  the  helium  zone  be 
choked  is  fulfilled  when  the  helium  veiocl tv  behl nd  the  incident  shock 
wave  u2  is  greater  than,  or  equal  to,  ac V  2/(Kc  +  1 )  or  3590  ft/sec  in 
this  case,  i.e.,  when  pc/pj  is  greater  than  j. 

To  evaluate  the  interpretation  of  the  burning  powder  as  providing  a 
reservoir  of  effectively  infinite  cross  section,  a  similar  analysis  can 
be  made  of  the  case  when  the  combustion  pressure  acts  on  the  helium  like 
a  shock-tube  driver  with  no  area  change  at  the  diaphragm.  The  foregoing 
equation  for  pc  is  then  replaced  by 


The  broken  curves  in  figure  2  show  the  corresponding  solutions  of  this 
more  pessimistic  case. 


4-5 


Figure  3  is  a  restatement  of  figure  2  for  the  special  case  of  pc  = 
38,000  psi,  the  safe  operating  limit  of  the  present  pump  tube*  It 
is  planned  to  assess  the  performance  of  the  pump  tube  by  correlating 
measurements  of  pc,  P5,  and  T5  with  the  foregoing  analysis. 


3*2  Single-Stage  Launch  Tube 


The  first-stage  launch  tube  is  1*5  Inches  inside  diameter  and  26*3 
feet  long.  The  velocity  of  a  projectile  (model  or  piston)  in  the 
pre-evacuated  tube  depends  on  its  mass,  the  tube  dimensions,  and  the 
condition  (state  number  5)  of  the  stagnant,  shock- processed  helium 
prior  to  release  of  the  projectile.  Acceptable  common  practice  is 
to  calculate  the  muzzle  velocity  Ul,  within  the  framework  of  assumptions 
discussed  in  reference  2,  by  the  following  relation: 
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where  A  is  the  cross-section  area  of  the  launch  tube,  L  is  its  length, 
and  m  is  the  mass  of  the  projectile.  The  pressure,  temperature,  and 
sound  speed  in  region  5  are  related  to  p  /p]  as  described  in  section 

3.1. 


In  the  present  case,  A  =  C. 01 227  ft  ,  L 
above  relation  can  be  written  as 


26.3  ft,  and  r  =  5/3.  The 


2.26  x  105 


llL 


1 

1 


m  a. 


(1  - 


3  a 


-) 


l 

+  s 


5 


where  p<j  is  in  psia,  m  is  in  grams,  and  a^  and  are  in  ft/sec.  The 
relation  has  been  solved  for  the  muzzle  velocity  Uj.  for  the  case  of 
effectively  Infinite  chamberage,  p_  =  38,000  psia,  10,000  c  p^  40,000 
psia,  and  20  <  m  <  100  grams,  and  for  the  conditions  stated  in  figures 
2  and  3*  The  performance  of  the  launch  tube  is  shown  in  figure  4.  In 
this  case,  it  is  unnecessary  to  considar  higher  initial  pressures  pi 
than  that  producing  the  optimum  pressure  p^  which  generates  the  maximum 
launch  veloci ty . 


3*3  Two-Stage  Launch  Tube 

The  launch  tube  for  two-stage  operation  is  0.25  inch  inside  diameter 
and  50  inches  long.  As  discussed  in  section  2,  a  deformable  piston 
compresses  a  light  gas  in  the  first  stage  launch  tube  which  terminates 
in  a  convergent  section.  This  arrangement,  analyzed  in  reference  7> 
tends  to  provide  a  constant  pressure  at  the  base  of  the  model  during 


Its  run  in  the  launch  tuba.  That  analysts  gives  the  muzzle  velocity 
of  the  model  as 


“l-F^ 


where  pg  Is  the  model  base  pressure.  The  remaining  symbols  have  been 
defined  In  section  3*2.  The  resulting  performance  is  shown  in  figure 
5  for  10A  <  pjj  <  6  x  1CP  psia  and  0. 10  <  m  <  0.60  grams. 


3.4  Drag  Measurement 


Drag  data  can  be  derived  from  measurements  at  three  stations,  follow¬ 
ing  a  procedure  given  in  reference  8.  The  average  velocity  in  the  two 
successive  intervals  decreases  and  the  rate  of  decrease  is  a  measure 
of  drag.  Although  the  flight  path  may  be  slightly  misal igned  wi th 
the  range  axis  and  the  model  may  oscillate  somewhat  in  pitch,  the 
angles  of  misalignment  and  of  pitch  and  yaw  can  be  considered  small, 
in  general.  The  components  of  lift  and  side  force  along  the  range 
axis,  then,  remain  negligible  and  the  drag  of  the  model  is  essentially 
the  drag  component  along  the  range  axis,  the  product  of  its  mass  and 
the  component  of  acceleration  along  that  axis,  viz., 
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To  assume  that  the  drag  coefficient  Cg  is  constant  over  the  interval 
observed  is  consistent  with  the  previous  assumptions.  The  above 
expression  can  then  be  integrated  once  over  the  interval  between 
any  two  stations  to  obtain 
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or  twice  over  the  same  interval  to  obtain 
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If  three  successive  stations  are  equidistant,  the  drag  coefficient 
is  found  from  the  foregoing  relations  to  be  expressible  entirely 
in  terms  of  observables  as 
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Likewise,  the  velocities  at  these  stations  are  found  In  terms  of 
observables  and  the  previous  velocity  as 
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Thus  the  drag  force  can  be  obtained  at  each  station. 


OPERATION  OF  THE  LIGHT-GAS  GUN 


The  first  combustion  tests  in  the  light-gas  gun  have  been  performed 
in  the  sealed  pump  tube.  Several  launches  from  the  single-stage 
configuration  have  been  accomplished  during  the  final  month  of  the 
report  period. 

4. 1  Closed -3 omb  Tests 


Closed- bomb  tests  have  be:n  conducted  t'~>  establish  empirical  relation¬ 
ships  between  powder  charge,  initial  helium  pressure,  and  subsequent 
peak  helium  pressure.  A  heavy  plug,  similar  to  the  breech  plug,  has 
been  fabricated  to  seal  the  downstream  end  cf  the  pump  tube.  A 
measured  charge  of  gun  p  v-der  is  placed  in  the  tube  which  is  then 
evacuated  and  pressurised  with  a  designated  amount  of  helium.  After 
electrical  ignition  cf  the  gun  powder,  a  pressure  history  at  each  end 
is  measured  by  means  of  a  piezoelectric  gage  and  recorded  on  an 
oscilloscope.  A  plot  of  peak  pressure  versus  rifle  powder  weight  in 
closed-bomb  tests  is  shown  in  figure  6  by  the  open  symbols.  The 
pressure  Is  measured  at  the  center  of  the  plug  at  the  muzzle  end. 

Initially  It  was  thought  that  the  powder  must  be  ignited  at  many  points 
simultaneously  in  order  to  obtain  even  combustion.  The  IMR-4895  or  4198 
powder  was  packaged  in  a  cylindrical-shaped  cloth  bag  with  a  high  velocity 
fuse,  Pyrocore,  at  the  axis  of  the  charge.  Since  the  fuse  burns  at  a 
very  rapid  rate,  It  was  presumed  that  the  powder  would  be  ignited  at 
all  points  along  the  axis  simultaneously.  However,  In  practice,  the 
powder  did  not  ignite  at  all.  The  shock  associated  with  the  violent 
burning  of  the  fuse  broke  open  the  bag  and  scattered  the  powder.  Since 
the  powder  Is  relatively  slow-burning  and  slow-starting,  It  would  not 
respond  to  the  rapid  flame  front  associated  with  the  P>rocore  fuse. 


Tha  davtca  at  prasant  balng  usad  to  initiate  combustion  is  a  OuPont 
S-67  electric  match.  This  is  a  ralativaly  slow-starting  and  long- 
burning  fusa  similar  in  burning  to  a  household  match  head.  Tha  electric 
match  proved  to  ba  vary  reliable  in  Igniting  slow-burning  powders; 
however,  tha  power  supply  fuse  failed  during  some  of  tha  firings. 

An  investigation  revealed  that,  when  fired  alone,  the  match  caused 
a  current  drain  of  less  than  0.5  amp,  but  when  associated  with  a 
powder  charge  the  10-amp  fuse  occasionally  burned  out.  It  was 
reasoned  that  the  violence  of  the  powder  combustion  would  cause 
the  connecting  wires  to  become  shorted,  thus  increasing  the  current 
drain. 

In  order  to  alleviate  this  problem,  it  was  decided  to  energize  the 
match  by  means  of  a  capacitor  discharge  instead  of  directly  from  the 
power  supply.  Tests  Indicated  that  a  ^-microfarad  capacitor  charged 
to  28  volts  supplies  sufficient  energy  to  ignite  the  match  and 
subsequently  the  powder  reliably. 

At  first,  it  was  awkward  to  place  the  powder  into  the  gun  breech 
properly.  The  nonrigid  powder  bag  tended  to  be  pinched  between  the 
breech  block  and  the  pump  tube  In  the  vicinity  of  the  0-ring  (see 
figure  7).  The  alternative  of  containing  the  charge  within  a  rigid 
shell  casing  is  unacceptable  because  of  the  difficulty  in  connecting 
the  firing  wires  between  the  casing  and  the  breech.  Several  powder 
bag  supports  were  tried  with  the  following  general  results: 

1.  supports  not  connected  to  the  breech  were  accelerated  to  the 
opposite  end  of  the  pump  tube  and  were  damaged; 

2.  supports  that  had  large  areas  of  flat  material  were  destroyed, 
even  though  connected  to  the  breech. 

One  satisfactory  device,  shown  in  figure  7,  consists  of  a  steel  drill 
rod  threaded  into  the  breech.  The  powder  bag  is  given  rigid  support 
by  being  tied  to  this  rod  and  is  inserted  easily  into  the  gun. 


4.2  Single-Stage  Launches 

These  tests  have  been  conducted  for  the  purpose  of  light-gas  gun 
calibration  and  development  of  launch  techniques.  Simple  cylindrical 
models,  fabricated  from  lexan  plastic,  have  been  launched.  All  the 
model  weights  range  from  45  to  56  grams. 

Two  types  of  model  release  have  been  used  (see  figure  8).  One  method 
is  to  machine  a  tapered  flange  on  the  base  of  the  model.  This  flange, 
whose  outer  diameter  is  approximately  3/8  inch  larger  than  the  launch 
tube  bore,  is  installed  in  the  tapered  muzzle  of  the  pump  tube.  The 
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Initial  helium  charge  In  the  pump  tube  is  sealed  from  the  launch 
tube  by  the  fit  of  this  flange  into  the  taper.  The  peak  helium 
pressure  is  sufficient  to  compress  and  deform  the  lexan  so  that 
the  flare  is  extruded  into  the  launch  tube  bore,  thus  launching 
the  model.  The  second  type  of  model  release  is  based  on  an  over¬ 
sized  model  outer  diameter.  Friction  because  of  the  tight  fit  In 
the  launch  tube  is  sufficient  to  resist  movement  when  subjected  to 
the  Initial  helium  charge  pressure.  The  peak  helium  pressure  over¬ 
comes  this  friction  to  launch  the  model. 

The  first  method,  flared-base  models,  has  the  advantage  of  prohibiting 
premature  launches;  however,  there  are  two  problems  associated  with 
this  configuration.  First,  this  type  usually  launches  prematurely. 
Further  development  will  include  strengthening  tiie  Flare  tc.  resist 
movement  until  higher  pross'iri  develops.  The  second  problem  occurs 
when  pari,  cf  the  base  shears  and  part  deflects,  creating  a  situation 
where  deformation  cf  the  bcdy  probably  would  cause  unsatisfactory 
sabot  separation. 

The  main  problem  noted  wi th  the  drive-fit  method  cf  model  release  is 
premature  release.  In  one  case  a  model  whose  diameter  exceeded  the 
launch  tube  bore  by  0.020  inch  was  driven  out  by  a  prepressure 
differential  of  only  95  psi.  In  order  to  effect  a  satisfactory 
launch,  the  model  or  sabct  must  resist  320  pounds  for  a  prepressure 
of  180  psi.  Planned  prepressures,  approaching  1000  psi,  require  an 
extremely  tight  sabot  in  order  to  resist  1770  pounds.  Under  these 
circumstances,  it  may  be  impossible  to  install  the  sabot  without 
damage. 

Other  methods  under  development  but  not  yet  practiced  are  release  of 
the  model  by  shear  from  a  clamped  flange,  by  means  of  a  break  valve, 
and  by  means  of  a  frangible  diaphragm.  Results  of  these  first  shake- 
down  firings  are  varied  and  the  data  are  scattered.  Peak  pressures, 
measured  at  the  pump  tube  wail  18  inches  upstream  of  the  initial 
model  position,  are  shown  in  figure  6.  All  of  the  launches  were 
performed  with  180  psi  initial  (precompression)  helium  pressure. 
Premature  model  release  is  indicated  by  the  extent  to  which  peak 
closed-bomb  pressures  exceed  peak  launch  pressures.  Figure  9  is  a 
plot  of  model  velocl ty  in  the  range  tank  about  20  feet  from  the  muzzle. 
Model  weight  is  neglected  since  all  models  were  within  10%  of  50  grams. 
No  trend  can  be  noted  from  the  plot;  however,  one  area  of  repeatability 
exists  at  a  powder  weight  of  1.2  kilograms,  where  three  launches 
resulted  in  approximately  10,000  feet  per  second. 

The  probable  causes  of  scatter  in  these  data  are: 

1.  Inconsistent  model -release  techniques  causing  variation  in 
peak  pressure. 

2.  Contamination  of  helium  due  to  incomplete  purge  of  air  prior 
to  fill Ing. 


3*  Variation  of  powder  type  (two  types  used  were  IMR  4895 
and  I  HR  4198). 

4.  Variation  in  blast  receiver  pressure. 

5.  Instability  resulting  In  tumbling  and  increased  drag  in 
some  models. 

Further  studies  are  aimed  at  improving  repeatability,  increasing 
velocity,  and  improving  sabot  separation.  The  variables  listed 
above  will  be  better  controlled  by  the  use  of  identical  models  and 
Improved  techniques.  By  improving  the  model-release  methods,  higher 
peak  pressures  and  increased  model  accelerations  will  be  obtained. 

A  study  will  be  initiated  using  larger  powder  charges  and  faster 
burning  types  in  an  attempt  to  reach  the  maximum  pump-tube  operating 
pressure  of  38,000  psi.  Higher  Initial  helium  charge  pressures  will 
be  evaluated  with  the  goal  of  Improving  energy  transfer  to  the  model. 
In  the  one  sabot  shot  made  in  the  Initial  group  of  launches,  the  sabot 
separated  by  only  a  few  inches  and  impacted  along  with  the  model  on 
the  target.  Lack  of  success  was  due  probably  to  the  blast  receiver 
pressure  being  too  low  for  proper  separation.  Studies  are  being 
initiated  to  optimize  blast  receiver  pressure  and  develop  equipment 
to  slow  and  stop  the  sabot  parts. 


INSTRUMENTATION 


Because  of  the  nature  of  the  ballistic  range  operation,  the  problem 
of  obtaining  useful  data  is  very  different  from  that  encountered  In 
a  wind  tunnel  or  a  shock  tunnel.  Not  only  are  the  phenomena  transient, 
but  the  data  must  be  gathered  from  a  snail  body  in  hypervelocity  free 
flight.  Further  problems  are  introduced  by  conducting  the  test  at 
nonambient  pressure  or  even  In  a  toxic  atmosphere.  Frequently,  the 
model  is  accompanied  by  flame,  smoke,  and  foreign  matter  resulting 
from  the  launch  cycle. 


5. 1  Optics  for  Model  Detection  and  Observation 


A  primary  function  of  Instrumentation  in  dynamic  tests  is  to  observe 
and  record  the  motions  of  the  model  during  flight.  Ideally,  such 
instrumentation  should  show  the  position  and  attitude  of  the  model 
continuously  during  the  flight  through  the  range  tank.  From  measure¬ 
ments  in  the  six  degrees  of  freedom  and  from  knowledge  of  the  model 
center  of  gravity  and  moments  of  inertia,  the  aerodynamic  stability 
can  be  determined. 

For  lack  of  a  method  of  accomplishing  the  ideal  system,  a  compromise 
system  has  been  developed.  This  is  a  shadowgraph  system  which  observes 
the  location  of  the  model  in  three  space  coordinates  (and  possibly 
observes  the  attitude  of  unsymmetrical  models  under  certain  conditions) 
at  measured  times  in  the  vicinity  of  fixed  stations  along  the  flight 
path.  As  the  model  passes  a  given  point  its  position  and  the  time  are 


recorded.  If  enough  of  these  pos I tion-time  recordings  are  made  during 
the  flight  a  plot  of  flight  path  can  be  made.  In  ballistic  range 
practice*  at  least  five  stations  are  required  to  generate  date  on 
natural  frequencies  of  oscillation. 

The  Initial  system  capability  consists  of  three  optically  Instrumented 
stations.  Three-station  operation  does  not  permit  determination  of 
stability  and  control  characteristics*  but  does  allow  two  velocity 
measurements  from  which  the  drag  coefficient  can  be  calculated  (see 
section  3.^).  Each  of  the  instrumentation  stations  must  have  the 
ability  to  produce  a  shadowgraph  Image  of  the  model  somewhere  In  the 
field  of  view.  The  image  must  be  of  sufficient  quality  to  be  located 
relative  to  the  Image  of  the  fiduciary  system.  The  concept  of  this 
shadowgraph  system  is  based  on  the  capability  to  photograph  an  object 
travelling  many  thousands  of  feet  per  second.  There  are  two  basic 
methods  which  can  be  used  to  stop  high-speed  action  photographically. 
One  is  to  use  a  steady  light  source  and  to  activate  a  fast  shutter. 

The  other  is  to  activate  a  short-duration  light  source.  In  either 
case*  the  light  Intensity  must  increase  as  the  exposure  time  decreases 
in  order  to  obtain  satisfactory  film  contrast.  If  a  blur  of  0.010  inch 
on  the  film  is  acceptable,  the  corresponding  model  motion  is  0.033  inch 
during  the  exposure,  because  the  image  is  reduced  to  three-tenths  in 
the  present  system,  if  the  model  speed  is  25,000  ft/sec,  its  illumin¬ 
ation  must  be  limited  to  10“7  second.  Since  it  is  difficult  to 
operate  a  mechanical  camera  shutter  faster  than  10"3  second,  it 
appears  that  ballistic  range  requirements  can  be  fulfilled  only  by 
a  spark-discharge  light  source.  In  general,  a  spark  source  with  no 
shutter  is  adequate  for  an  exposure  time  on  the  order  of  10"7  second. 
For  still  shorter  exposures,  an  electronic  shutter  must  be  added  to 
the  optical  train.  In  the  latter  case,  a  spark-light  source  would 
still  be  dictated  by  the  light-intensity  requirements.  A  spark  source 
without  a  shutter  has  been  selected  for  the  present  system;  see  section 
5.2. 


The  shadowgraph  system  is  a  folded,  single-pass  system  centered  in  the 
vertical  transverse  plane;  see  figure  10.  The  spark  light  source, 
discussed  above  and  in  section  5*2,  is  the  only  element  not  inside  the 
range  tank.  The  1 2-Inch-diameter  primary  mirrors,  spherical  mirrors 
which  provide  parallel  light  through  the  test  corridor,  have  a  96- inch 
focal  length.  The  choice  of  polaroid  k -  by  5"inch  cut  film  limits  the 
usable  diameter  of  the  image  at  the  film  plane  to  3*62  inches.  The 
magnification  of  the  system  is  therefore  designed  to  be  0.30.  A 
standard  spectacle  lens  of  66 6  mm  focal  length  is  used  as  the  focussing 
lens.  At  present,  six  shadowgraph  systems  are  operative,  providing 
vertical  and  horizontal  observation  at  three  stations. 

The  spark  light  source  at  each  station  is  triggered  by  a  signal  from  a 
separate  optical  system,  illustrated  in  figure  11.  Each  model -detection 
module  consists  of  a  continuous  lamp,  a  cylindrical  mirror,  a  photocell, 
and  auxiliary  lenses.  A  thin  light  screen  is  produced  from  the  long, 
thin  filament  of  the  lamp  by  an  appropriate  lens  and  aperture.  The 
Image  of  this  source  is  at,  or  near,  the  center  of  curvature  of  the 


mirror,  a  section  of  a  circular  cylinder.  The  light  thus  traverses 
the  expected  flight  path  twice  and  is  focussed  (in  one  dimension) 
at  the  photosensitive  detector.  A  lens  associated  with  the  photocell 
focuses  an  Image  of  the  model  on  the  anode.  The  coplanar  configuration 
shown  in  figure  II  Is  chosen  over  the  coaxial  configuration  because  It 
produces  a  greater  light  change  at  the  photocell  for  a  given  model  size. 
By  this  system,  a  nonluminous  model  is  detected  by  the  decrease  in  back¬ 
ground  illumination.  When  the  model  is  moving  at  conditions  which 
cause  self-lumlnosl ty,  the  same  system,  with  lamp  off,  can  detect 
its  passage. 


5.2  Electronics  for  Model  Detection  and  Observation 


The  electronic  system  for  model  observation  is  required  to  flash  two 
high-intensity  short-duration  light  pulses  at  each  station  upon 
detection  of  a  small  change  in  nearby  light  level.  A  block  diagram 
of  one  channel  of  this  system  appears  in  figure  12.  Arrival  of  the 
model  in  the  shadowgraph  field  of  view  is  detected  by  the  photocell 
as  a  small  change  in  light  level;  see  section  5*1.  The  photocell 
responds  by  producing  a  current  of  a  few  microamperes.  Immediately 
adjacent  to  the  photocell  is  a  small  solid-state  amplifier  which 
boosts  the  pulse  power  to  a  level  that  can  be  transmitted  success¬ 
fully  through  a  cable.  The  preamplifier  and  photocell  circuits  are 
shown  in  figure  13. 

The  pulse  amplifier,  located  in  the  control  room,  receives  this  pulse, 
amplifies  it  to  the  20-volt  level,  and  applies  it  to  the  control  grid 
of  a  thyratron.  A  block  diameter  of  the  pulse  amplifier  is  shown  in 
figure  14.  Conduction  of  this  high-power  tube  produces  the  200-volt 
spike  that  is  necessary  to  trigger  the  spark  light  sources.  In  order 
to  have  the  capability  of  firing  the  spark  from  either  a  positive  or 
negative  change  in  light  level,  a  phase  reversal  circuit  is  included 
in  the  pulse  amplifier. 

Since  this  equipment  must  be  very  sensitive  to  the  photocell  signal, 
it  Is  also  sensitive  to  stray  electromagnetic  disturbances  (noise). 

To  prevent  inadvertent  triggering  of  the  system,  a  blanking  circuit 
is  incorporated  in  the  pulse  amplifier.  This  circuit  prohibits 
thyratron  conduction  except  during  a  200-millisecond  period.  This 
unblank  period  is  initiated,  as  the  model  enters  the  range  tank,  by 
a  signal  from  a  timer  which  is  started  by  the  firing  switch. 

The  primary  requirements  of  a  light  source  for  model  imagery  are 
high  intensity  and  short  duration.  This  goal  Is  achieved  by  utilizing 
the  light  produced  by  discharging  the  electrical  energy,  stored  in  a 
capacitor,  across  an  atmospheric  air  gap  between  two  electrodes. 

Until  required,  the  discharge  is  prevented  by  the  Interelectrode 
separation.  When  discharge  is  desired,  ions  are  injected  into  the  gap, 
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reducing  the  gap  resistance  and  effecting  energy  discharge.  The 
duration  of  the  spark  iight  source  is  typified  by  its  time  constant 
t  =  RC,  and  the  light  intensity  depends  on  its  energy  J  =  CV2/2. 

In  order  to  produce  a  short-duration,  high-energy  light,  the  capacitance 
C  and  resistance  R  must  be  low  and  the  voltage  V  high.  In  the  present 
spark  iight  source,  the  capacitance  is  variable  from  0.01  to  0.12 
microfarad  and  the  voltage  is  fixed  at  10^  volts.  The  resistance 
is  made  very  low  by  the  judicious  arrangement  of  the  components, 
see  figures  15  and  16. 

Tests  have  been  made  of  the  duration  of  the  spark  light  source  by 
observing  the  light  output  with  a  photocell  and  oscilloscope.  With 
the  0.12  microfarad  capacitor  installed,  i.e.,  with  6  joules  of 
available  energy,  the  duration  of  the  light  was  measured  to  be 
2  x  10*7  seconds.  If  this  duration  is  equated  to  the  time  constant, 

30  megawatts  of  power  are  produced  and  the  average  current  is  3000 
amperes.  These  estimates  serve  to  illustrate  the  reason  for  the  high 
intensity  light  output. 

Discharge  of  the  spark  source  is  accomplished  when  the  200-volt  pulse 
from  the  pulse  amplifier  is  applied  to  the  trigger  input.  This  pulse  is 
Increased  to  40,000  volts  by  the  l:20C  set-up  transformer.  The  40,000- 
volt  charge  on  the  trigger  capacitor  discharges  by  arcing  in  the  spark 
gap.  This  is  a  very  low  energy  spark,  but  sufficient  :onization  occurs 
to  cause  the  main  capacitors  to  discharge  across  the  large  electrode 
creating  the  light  used  to  photograph  the  model. 

A  secondary  capacitor,  0.005  microfarad,  also  discharges  through  a 
voltage  divider  with  a  peak  current  of  approximately  one  amp.  This 
current  creates  a  voltage  pulse  of  51  volts  across  the  51  ohm  resistor 
used  to  trigger  the  counter.  Several  such  counters  provide  the  time 
base  used  in  conjunction  with  physical  measurements  to  calculate  model 
velocl ty. 


5.3  Rifle  for  Testing  Systems 

In  order  to  evaluate  and  adjust  the  performance  of  such  systems  as 
the  model  detector,  it  is  necessary  to  provide  an  actual  moving 
projectile.  A  0.30  caliber  rifle  has  been  purchased  and  installed 
in  the  range  tank  for  this  purpose;  see  figure  17-  its  retractable 
mount  allows  the  rifle  to  be  fired  on  axis  and  to  be  moved  out  of 
the  firing  line  of  the  light  gas  gun.  An  air  cylinder  raises  the 
mount  and  a  linkage  actuates  the  trigger.  A  safety  interlock  on 
the  range  tank  door  prevents  accidental  discharge. 

Figure  18  is  a  shadowgraph  of  a  0.30  caliber  rifle  bullet  in  flight. 
Figure  10  indicates  that  the  optical  system  is  designed  so  that  two 
model  images  normally  occur.  The  lower  image  is  caused  by  the  model 
intercepting  the  divergent  light  beam  between  the  light  source  and 
first  parabolic  mirror.  The  smaller  image  in  the  center  of  view  is 
the  principal  image  and  is  used  for  data  analysis. 


5 .4  Materials  for  Telemetry  Packages 


The  ultimate  value  of  this  facility  will  be  realized  when  the  required 
information  can  be  telemetered  from  a  model  during  flight.  At  the 
present  time.  It  Is  known  that  pressure  and  temperature  can  be 
converted  to  electrical  signals  by  on-board  Instrumentation,  and 
the  signals  can  be  transmitted  to  a  ground  station  via  a  high-frequency 
radio  link. 

The  Douglas  light  gas  gun  can  launch  objects  up  to  1.5  inches  in  diameter 
and  3  Inches  In  length.  Since  most  models  must  be  launched  In  a  sabot, 
the  maximum  diameter  of  the  telemetry  package  can  be  about  one  inch 
and  its  maximum  length  about  three  inches.  It  is  estimated  that  from 
three  to  seven  channels  of  information  can  be  telemetered  during  a 
single  launching  of  such  a  package. 

A  simplified  explanation  of  this  multichannel  operation  follows:  a 
single  carrier  oscillator  is  frequency  modulated  by  subcarrier  oscillators 
which  are  sensitive  to  the  desired  data  characteristics.  Frequency 
modulation,  rather  than  amplitude  modulation,  is  used  because  of  the 
greater  ease  with  which  the  data  can  be  digitized  and  also  because  of 
better  accuracy.  The  signal  telemetered  from  the  model  is  received 
via  range  antennas.  The  receiver  drives  a  DC  amplifier  whose  output 
is  recorded  on  magnetic  tape,  typically  at  60  inches  per  second.  An 
oscillograph  then  records  the  data  during  playback  of  the  tape,  with 
the  subcarrier  frequency  selected  with  a  tunable  discriminator.  A 
transistorized  current  limiter  is  applied  to  the  galvanometer  to  protect 
It  from  damage  due  to  large,  spurious  noise  signals.  Speed  of  playback 
is  reduced,  typically  by  32:1,  to  allow  better  time  resolution  of 
subcarrier  frequency  data.  Time  references,  velocity  information,  and 
chamber  pressure  can  also  be  recorded  on  the  tape.  This  system  is 
similar  to  one  being  used  at  the  Arnold  Engineering  Development  Center. 

The  first  step  in  tho  modus  operand!  outlined  above  is  to  develop  a 
miniature  carrier  frequency  oscillator  which  can  withstand  high 
acceleration.  A  4c-gram  model  can  be  accelerated  to  12,000  ft/sec  - 
In  a  launch  tube  of  reasonable  length,  thereby  experiencing  about  10°  g. 
Current  telemetry  practices  for  ballistic  ranges  at  the  Arnold  Engineer¬ 
ing  Development  Center  and  at  the  Canadian  Armament  Research  and  Develop¬ 
ment  Establishment  yield  reliable  data  at  only  2  x  10^  g.  Design  trends 
are  reviewed  below  and  in  references  9  through  1 5. 

The  carrier  frequency,  which  is  Intended  to  measure  a  thermodynamic 
parameter,  is  influenced  by  mechanical  changes  due  to  stress  and  strain 
in  miniature  oscillator  components.  Thus  all  components  are  encapsulated 
and  potted  in  place  within  the  model.  Certain  static  compression  tests 
have  been  devised  at  AEDC  to  simulate  dynamic  operation.  Stagnation 
pressure  is  selected  as  the  variable  most  suitable  to  static  calibration 
and  to  theoretical  verification  in  flight  tests.  Subsequent  flight 
tests  validated  static  tests  and  calibrations  and  displayed  transducer 
accuracies  ranging  from  4#  to  14$. 
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Two  major  sources  of  error  are  subject  to  study.  First,  the  body 
and  encapsulation  materials  tend  to  acquire  permanent  sets  during 
launching.  The  resulting  stresses  In  the  individual  circuit 
components  cause  significant  changes  in  their  electrical  charar tori  sties. 
Furthermore,  the  electrical  characteristics  depend  on  the  orientation  of 
these  stresses  with  respect  to  the  components.  Transistors  are 
especially  sensitive  in  these  respects.  Second,  temperature  changes 
in  the  transmitter  after  calibration  and  loading  in  the  gun,  but  before 
launching,  affect  electrical  parameters  and  produce  frequency  changes. 

The  latter  problem  Is  simpler  to  solve. 

Optimum  orientations  of  components  have  been  found  through  static  and 
dynamic  tests  at  AEDC.  Transistor  junctions  are  encapsulated  separately 
in  extremely  rigid  potting  material,  and  the  transistor  is  mounted  near 
the  model  nose,  in  a  specific  attitude  (base  wafer  parallel  to  stress 
vector),  to  reduce  the  inertial  mass  contributing  to  stresses  within 
the  transistor.  Although  2N502  transistors  have  performed  well,  mesa 
transistors  may  prove  to  be  superior. 

Other  components  are  oriented  and  potted  with  similar  care.  The 
induction  coil  is  a  major  source  of  errors  due  to  phase  and  frequency 
shifts.  Four  turns  of  number  2k  enamelled  wire  with  0.1-lnch  pitch 
and  0.25-inch  outside  diameter  Is  used  in  a  1 50  He  oscillator  at 
AEDC.  The  best  orientation  was  found  to  be  to  place  the  coil  at  the 
front  of  the  telemetry  package  with  its  axis  longitudinal.  At  best, 
the  coll  has  been  responsible  for  a  frequency  shift  of  10$. 

The  most  successful  battery  is  Mallory  RM40CR-T2,  prepotted  to  avoid 
short  circuits.  However,  a  slightly  larger  battery,  RM675R-T2,  may 
prove  better  able  to  withstand  current  leakage  because  of  its  thicker 
cover.  The  best  direction  to  load  these  disc-shaped  batteries  is 
along  a  diameter.  This  element  appears  to  contribute  2#  to  frequency 
shift. 

Two  successful  0.1-watt  resistors  are  A1 len-Bradley  TR-10  and  Ohmite 
little  Devil.  Negligible  frequency  shift  occurs  when  the  cylindrical 
resistor  is  loaded  transversely.  The  best  miniature  glass  capacitor 
is  Corning  CYFM10C.  However,  the  best  orientation  was  found  to  depend 
on  the  capacitor  value. 

Voids  within  the  potting  material  deprive  the  components  of  structural 
strength;  they  provide  points  of  stress  concentration  which  lead  to 
failure  during  loading.  A  technique  at  AEDC  to  preclude  voids  is  to 
mix  an  epoxy  under  vacuum,  to  pour  it  into  the  outer  shell  and  insert 
the  telemetry  package  while  vibrating  the  entire  assembly,  to  replace 
the  assembly  In  an  evacuated  chamber  during  early  cure,  and  to 
pressurize  the  unit  during  the  terminal  curing  stage. 


The  most  desirable  property  of  the  resinous  potting  material  is 
its  low  density  which  minimizes  inertial  loads  on  the  components. 

Best  results  are  obtained  by  filling  epoxy  resins,  such  as 
Armstrong  C7,  with  hollow  glass  spheres,  e.g.,  Eecospheres  30  to 
300  microns  in  diameter.  Apart  from  their  low  density,  such 
fillers  tend  to  increase  the  compressive  yield  strength  at  some 
expense  of  the  ultimate  compressive  strength. 

Polyesters  are  too  subject  to  shrinking  and  cracking  in  the  present 
application.  Acid  catalysts  are  to  be  avoided  because  water,  produced 
during  curing  of  phenol i cs,  causes  severe  corrosion.  Silicones  and 
urethanes  lack  sufficient  strength.  Other  desirable  properties, 
especial )y  for  encapsulating  transistors,  are  low  conductivity,  high 
compressive  modulus,  good  elasticity,  low  viscosity  (less  than  15,000 
centipoise  at  70°F),  and  low  cure  temperature  (less  than  200°F). 

However,  the  last  requirement  is  subject  to  certain  conditions  as 
outlined  below. 

Curing  agents  giving  maximum  compressive  yield  strength  at  room 
temperature  are  desirable,  but  this  requirement  is  counter  to  the 
desirably  high  ultimate  strength  associated  with  hi gh- temperature 
cures.  Furthermore,  the  strength  of  the  potted  telemeter  increases 
with  age  because  curing  continues  for  weeks  at  room  temperature. 

However,  long  gel  times  usually  require  higher  temperature  cures. 

Also,  low  gel  temperature  creates  molecules  with  steric  hindrances 
or  some  degree  of  asymmetry.  Whereas  aromatic  amines  are  unsatisfactory, 
amines  as  a  group  are  desirable  and  aliphatic  polyamines  are  the  best 
curing  agents  because  of  their  relatively  high  strength  and  low  curing 
temperature. 


5.5  Electronics  for  Telemetry 

The  range  tank,  like  any  closed  metal  container,  functions  as  a 
resonant  cavity  at  certain  critical  frequencies.  Thus,  the  tele¬ 
metry  transmission  frequency  must  be  compatible  with  the  physical 
dimensions,  notably  the  diameter,  of  the  range  tank. 

The  range  tank,  a  circular  cylinder,  is  crudely  equivalent  to  a  wave 
guide  of  similar  shape  and  dimensions,  and  can  be  analyzed  and  operated 
In  the  most  fundamental  mode,  viz.,  the  0,  1  type  of  transverse 
magnetic  mode.  The  cutoff  wavelength  in  that  case  is  theoretically 
1.31  diameters  (reference  16).  The  corresponding  cutoff  frequency, 
that  frequency  below  which  no  transmission  is  possible,  is  75  Me  for 
the  present  iO-foot-dlameter  range  tank,  and  is  125  He  for  the  6-foot 
range  tank  used  at  AEDC.  The  practical  cutoff  frequency  of  the  AEDC 
tank  is  found  by  experiment  to  be  equal  to  the  cited  theoretical 
value  (reference  12),  which  lends  confidence  to  the  present  analysis. 
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Whereas  the  cutoff  frequency  for  an  assumed  mode  depends  only  on 
the  tank  diameter,  the  frequency  actually  propagated  within  the 
hypothesized  circular  wave  guide  depends  on  the  dielectric  constant 
of  the  medium  therein.  Specifically,  the  frequency  of  propagation 
in  a  medium  of  relative  dielectric  constant  6  (relative  to  the 
permittivity  in  vacuo)  within  a  wave  guide  Is  (reference  16): 


f  =  f  1/  6  -  (f  /f  )2 
g  o  1/  '•do' 

where  fQ  is  the  frequency  that  would  be  transmitted  in  vacuo,  and 
fc  is  the  cutoff  frequency.  Transmission  can  occur  only  when  f g t 
fc  or,  from  the  above  relation,  when  f02  i/~2/6  fc.  The  relative 
dielectric  constant  6  of  air,  or  of  other  likely  test  media,  at 
pressures  and  temperatures  of  interest  Is  approximately  untty. 

Thus,  the  minimum  transmitting  frequency  of  practical  value  for  the 
10-foot  tank  is  about  106  Me. 

Although  signal  attenuation  decreases  as  the  frequency  increases, 
this  effect  is  weak  and  may  be  neglected  in  the  present  problem. 

On  the  other  hand,  many  practical  considerations  tend  to  impose 
upper  limits  on  the  frequencies  to  be  investigated.  Therefore, 
the  objective  nf  current  circuit  development  is  to  build  and  test 
oscillators  which  transmit  frequencies  safely  above  the  estimated 
minimum,  106  Me,  but  no  higher  than  necessitated  by  the  tank 
characteristics.  One  imponderable  in  the  foregoing  analysis  is  the 
influence  on  the  transmission  characteristics  of  auxiliary,  e.g., 
optical,  hardware  within  the  range  tank. 

Several  oscillator  circuits  are  being  developed  with  the  aforementioned 
considerations  in  mind;  all  are  scaled  for  a  package  0.5-inch  diameter 
by  ). 1-inches  long.  Two  of  these,  patterned  after  circuits  used  at 
AEOC  and  CAROE,  can  be  adjusted  to  span  a  frequency  range  from  4o  to 
160  Me;  they  are  represented  in  figure  19*  Both  have  good  electronic 
stability  and  contain  what  is  considered  to  be  a  minimum  number  of 
components.  Circuit  A  has  been  made  to  oscillate  from  to  to  60  Me; 
however,  changes  in  the  components  can  produce  frequencies  to  200  Me. 
Circuit  B  has  been  made  to  oscillate  from  60  to  160  Me;  its  frequency 
is  likewise  strongly  affected  by  changes  in  the  components.  Equipment 
and  materials  for  potting  such  circuits,  according  to  procedures 
discussed  in  section  5«^,  are  on  order. 

Systems  for  telemetry  data  acquisition  are  also  being  studied, 
including  FM  receivers  with  ranges  from  50  to  200  Me,  tunable 
discriminators,  and  magnetic  tape  recorders.  Models  containing 
accelerometers,  as  well  as  models  containing  pressure  transducers, 
and  their  circuitry,  are  under  investigation. 
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LIGHT  GAS  GUN  BALLISTIC  RANGE 
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3-5  INCH  diameter  launch-pump  tube 
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FIGURE  IB 


HELIUM  CONDITIONS  GENERATED  IN  THE  PUMP  TUBE  AS  A 
RESULT  OF  COMBUSTION  OF  NITROCELLULOSE  GUN  POWDER 
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FIGURE  2 
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Dimensionless  Combustion  Pressure  p  /p 


FIGURE  4 
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PERFORMANCE  OF  THE  0.25-INCH  TWO-STAGE  LAUNCH  TUBE 
ASSUMING  CONSTANT  BASE  PRESSURE 
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FIGURE  5 


MEASURED  PRESSURE  MAXIMA  OF  CLOSED-BOMB  TESTS 
AND  SINGLE  STAGE  LAUNCHES 
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FIGURE  6 


METHODS  OF  MODEL  RELEASE  IN  THE  SINGLE  STAGE  CONFIGURATION 
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FIGURE  12 
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SPARK  LIGHT  SOURCE  CIRCUIT 
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FIGURE  16 
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SPARK  LIGHT  SOURCE  ASSEMBLY 


0.30  CALIBER  RIFLE  ON  RETRACTABLE  MOUNT  IN  RANGE  TANK 


FIGURE  17 


FIGURE  18 
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PRINCIPLE  (CENTER)  AND  SUBSIDIARY  (LOWER)  IMAGES  OF  0.30  CALIBER 

PROJECTILE  IN  MOTION 
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SUMMARY 


The  Trisonic  Four-Foot  Wind  Tunnel  acquired  a  transonic  testing 
capability  during  FY  1962.  Whereas  the  supersonic  test  section 
provides  for  Mach  1.4  to  5,  the  transonic  test  section  provides 
for  Mach  0.2  to  1.3*  An  IR&D  study  of  the  transonic  flow  was 
initiated  and  completed  during  this  year,  primarily  to  examine 
flow  quality  and  to  calibrate  the  test  section  for  Mach  number 
distribution  and  flow  inclination.  Results  are  reported  in 
detail  in  references  1  and  2.  Across  the  54-inch  window  region, 
the  Mach  number  varies  i0.0075  at  subsonic  speeds  and  to. 010  at 
supersonic  speeds.  Furthermore  the  average  Mach  number  in  this 
region  can  be  determined  within  10.003  by  appropriate  reduction 
of  a  routine  measurement  of  pitot  pressure.  The  boundary  layer 
displacement  thickness  on  the  perforated  walls  at  zero  incidence 
decreases  from  0.5  inch  at  Mach  0.8  to  a  minimum  of  0.17  inch  at 
about  Mach  0.95>  increases  to  a  maximum  of  0.28  inch  at  Mach  1.1, 
and  decreases  at  higher  speeds.  Transonic  flow  vectors  coincide 
with  the  centerline  but  tend  to  diverge  at  other  locations.  For 
example,  the  vertical  flow  divergence  one  foot  above  the  center- 
line  is  0.5  degree  at  subsonic  speeds  and  diminishes  at  super¬ 
sonic  speeds  to  zero  at  Mach  1.2.  The  flow  divergence  change 
per  unit  distance  from  the  tunnel  centerline  in  the  horizontal 
plane  Is  nearly  twice  that  in  the  vertical  plane,  probably  due 
to  the  lateral  position  of  Mach  number  control  valves.  The 
calibration  shows  in  general  that  acceptable  flow  properties 
and  uniformity  are  generated  at  transonic  speeds. 
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SUMMRY 


An  annular  steam  ejector  has  been  Investigated  to  determine  an 
acceptable  configuration  for  use  In  a  proposed  ejector  system 
for  the  Trfsonlc  Four-Foot  V/Ind  Tunnel*  Configurations  analyzed 
and  tested  on  1/16  scale  include  combinations  of  two  ejector 
exit  areas,  eight  ratios  of  mixing  tube  length-to-diameter,  and 
two  contraction  geometries  within  the  mixing  tube,  all  in  the 
presence  or  absence  of  a  scale  model  of  the  existing  subsonic 
diffuser  of  the  subject  wind  tunnel.  Mach  number  in  the 
ejector  and  stagnation  pressure  in  the  ejector  and  in  the  wind 
tunnel  were  varied,  Vind  tunnel  Mach  number  was  4.0.  Pressure 
data  from  all  the  configurations  were  reduced  and  analyzed  to 
determine  the  effects  of  ejector  and  mixing  tube  geometry  on 
performance  of  the  system.  Minimum  length/diameter  ratios, 
minimum  operating  tunnel  pressures,  and  minimum  steam  mass 
flows  have  been  determined,  and  prel iminary judgments  have  been 
made  which  would  apply  also  if  air  were  used  as  the  ejector 
motive  medium  in  place  of  steam.  Reductions  of  starting  and 
running  pressures  by  factors  as  great  as  3*3  have  been  achieved 
experimentally.  However,  it  is  concluded  that  the  configuration 
of  the  existing  subsonic  diffuser  would  be  unacceptable  as  an 
element  of  the  ultimate  mixing  tube,  and  that  a  contraction 
downstream  of  a  constant-area  mixing  tube  may  be  unnecessary 
in  an  optimum  system. 
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NOTATION 


AJ. 

AJ# 

*m 

V 

AN 


PDe 

PEX 

PJ1...4 


PJ5 

?J 

PN 


Ejector  nozzle  exit  area,  square  Inches 

Ejector  nozzle  throet  area,  square  Inches 

Nixing  tube  cross-sectional  erea,  square  inches 

Minimum  area  of  mixing-tube  contraction  section,  square 
inches 

Tunnel  test  section  cross-sectional  area,  constant  at 
9*00,  square  Inches 

Diameter  of  mixing  tube,  constant  for  these  tests  at  b.912, 
inches 

Diameter  of  mixing  tube  contraction  section  throat,  inches 

Tunnel  nozzle  throat  area,  square  inches 

Length  of  mixing  tube  constant  section,  inches 

Over-all  length  of  mixing  tube  contraction  section,  inches 

Length  of  throat  section  of  mixing  tube  contraction 
section,  inches 

Ejector  Mach  number,  a  function  of  Ptj/Pj 

Mixing  tube  Mach  number,  a  function  of  A^Aj* 

Tunnel  test  section  Mach  number,  a  function  of 

Atmospheric  pressure,  pounds  per  square  inch 

Stagnation  pressure  at  the  downstream  end  of  the 
simulated  Four-Foot  Tunnel  supersonic  diffuser,  pounds 
per  square  Inch 

Static  pressure  at  the  downstream  end  of  the  pilot  tunnel 
supersonic  diffuser,  pounds  per  square  inch 

Static  pressure,  averaged  from  two  or  four  locations,  at 
the  downstream  end  of  the  subsonic  diffuser,  pounds  per 
square  inch 

Ejector  nozzle  static  pressures  at  locations  1  through  4 
spaced  at  90°  Increments  around  the  nozzle  circumference 
and  0.2  Inch  upstream  of  nozzle  exit,  pounds  per  square 
inch 

Ejector  nozzle  static  pressure  no.  5,  on  ejector  hori¬ 
zontal  centerline  and  0.5  inch  upstream  of  nozzle  exit, 
pounds  per  square  Inch. 

Average  of  Pjj  through  Pj^,  pounds  per  square  inch 

Static  pressure  in  tunnel  test  section,  pounds  per  square 
inch 
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Ejector  stagnation  pressure,  pounds  per  square  Inch 

Stagnation  pressure  In  tunnel  stilling  chamber,  pounds 
per  square  inch 

Stagnation  pressure  (behind  a  normal  shock)  In  tunnel 
test  section,  pounds  per  square  Inch. 

Steam  stagnation  temperature,  degrees  Fahrenheit 

Air  stagnation  temperature,  degrees  Fahrenheit 

Ejector  steam  weight  flow,  pounds  per  second 

Tunnel  air  weight  flow,  pounds  per  second 

Ejector  throat  control  distance,  inches 

Ratio  of  specific  heats 
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INTRODUCTION 


The  purpose  of  an  ejector  system  on  a  blowdown-to-atmosphere  facility 
is  to  allow  operation  at  subetmospherlc  static  pressures  downstream 
of  the  test  section.  In  turn,  this  allows  a  corresponding  reduction 
In  required  stagnation  pressures.  The  acquisition  of  an  efficient 
wind  tunnel  ejector  system  results  In  specific  Improvements  In  four 
critical  performance  areest 

1.  Reduction  of  starting  loads  on  large-winged  models, 
allowing  force  measurements  that  have  heretofore  been 
unobtainable. 

2.  Reduction  of  starting  loads  on  panel  load  and  control 
surface  models,  allowing  considerably  more  accurate 
measurements  through  the  use  of  more  sensitive  strain- 
gage  systems. 

3*  Ability  to  conduct  power-on  or  auxiliary  airflow  testing 
with  reasonable  levels  of  auxiliary  supply  pressure. 

4.  Expansion  of  the  over-all  operating  capabilities  of  the 
wind  tunnel  by  allowing  Increased  altitude  (lower 
Reynolds  number)  simulation. 

Simulation  of  higher  altitudes  and,  possibly,  a  Mach  6  capability  can 
be  provided  the  Trlsonlc  Four-Foot  Wind  Tunnel,  which  exhausts  to 
atmospheric  pressure  at  present,  by  reducing  the  back  pressure  to  sub- 
atmospheric  levels.  To  this  end,  an  IR&D  Investigation  has  been 
completed  during  FY  1962  of  an  annular  steam  ejector  system  applied 
to  a  )/l6-scale  model  of  the  facility.  Many  problems  accruing 
ultimately  to  an  air  ejector  system  for  the  actuel  facility  have 
thereby  been  resolved.  Experiments!  tests  proceeded  In  three  phases 
during  the  period  October  1961  through  June  1962.  Steam  requirements 
dlcteted  that  the  instellatlon  be  located  at  the  Torrance  Facility 
(Location  C-6). 

The  purpose  of  testing  a  model  of  the  proposed  ejector  system  was  to 
develop  the  most  efficient  system  for  use  within  the  space  and  power 
limitations  of  the  Aerophyslcs  Laboratory.  Steam  was  considered  as 
the  motive  source  for  the  ejector  because  the  proposed  arc-heated 
tunnels  in  the  1963  forecasts  required  several  stages  of  steam 
ejection  and  an  existing  source  would  thus  be  available. 

Various  mixing  tube  configurations  were  investigated  during  these  tests 
In  an  effort  to  obtain  the  minimum  length-to-diameter  ratios,  minimum 
tunnel  operating  pressure,  and  minimum  steam  weight  flow.  The  effect 
of  reducing  the  exit  area  of  the  ejector  nozzle  was  also  investigated. 
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2.  FACILITY 


The  Three-Inch  Pilot  Tunnel  mi  constructed  spool fleetly  for  testing 
the  annular  ejector  system.  The  tunnel  and  ejector  are  shown  In 
figure  I.  Air  passes  Into  the  stilling  chamber  through  the  manually** 
operated  valve  at  the  right.  The  stilling  chamber,  bell mouth,  and 
nozzle  section  (shown  In  figure  2)  were  scaled  from  the  Trlsonlc 
One-Foot  Wind  Tunnel  design  drawings,  although  the  constant-area 
portion  (test  section)  ms  lengthened  to  simulate  the  Four-Foot 
Tunnel  test  section.  The  two-dimensional  nozzle  consists  of  two 
blocks  providing  a  Mach  number  4.0  contour.  The  two-di mens! one 1 
supersonic  diffuser  (figure  3)  ms  scaled  from  settings  commonly 
used  during  the  early  stages  of  testing  In  the  Four-Foot  Tunnel. 
Actually,  more  recent  testing  and  calculations  show  better  recovery 
with  smaller  diffuser  throat  areas. 

At  the  end  of  the  supersonic  diffuser  section  Is  the  region  in  which 
the  annular  ejector  Is  located  (see  Ejector  Description,  Section  3.), 
followed  by  a  scaled-down  version  of  the  Four-Foot  Tunnel  subsonic 
diffuser.  Beyond  the  diffuser  is  a  muffler  section,  which  Is  non¬ 
representative. 


3.  EJECTOR  DESCRIPTION 


Technically  speaking,  the  term  "ejector"  refers  simply  to  the  device 
through  which  the  steam  Is  injected  into  the  tunnel  airstream.  However, 
this  section  will  also  include  mixing  tube  descriptions. 

The  ejector  section  consists  of  a  variable-area  annulus  vrfiose  contours 
were  determined  based  on  information  from  reference  1.  Basically,  It 
consists  of  two  nozzle  sections  as  shown  In  figure  4.  The  internal 
portion  of  the  nozzle  section  on  the  left  Is  a  transition  from  the 
rectangular  cross-section  at  the  end  of  the  tunnel  supersonic  diffuser 
to  a  circular  section  through  which  the  tunnel  air  passes  Into  the 
mixing  tube.  The  external  portion  serves  as  the  Inner  contour  of  the 
steam  ejector.  The  nozzle  section  shown  on  the  right  side  of  figure  4 
provides  the  outer  contour  of  the  steam  ejector.  The  outer  portions 
of  the  two  nozzle  sections  form  the  walls  of  the  steam  plenum  chamber. 
Note  that  the  outside  of  the  left  section  and  the  inside  of  the  right 
section  are  threaded,  allowing  the  outer  contour  to  move  horizontally 
with  respect  to  the  Inner  contour,  and  thus  providing  variable  ejector 
Mach  number  Mt.  The  equations  and  techniques  of  reference  I  provide 
contours  for  1.7  <  Mj  <  3*5,  with  theoretically  excellent  flow 
qualities.  Ejector  Mach  numbers  outside  this  range  are,  of  course, 
also  obtainable,  but  with  some  loss  in  flow  quality.  Calibrations 
of  the  ejector  Mach  number  as  a  function  of  the  ejector  throat 
control  distance  xj  are  shown  in  figure  5*  The  dashed  line  In  figure  5 
represents  data  that  Mre  taken  during  a  time  when  the  seal  from  the 
main  steam  valve  became  lodged  In  the  ejector,  unknown  to  the  operating 
personnel. 


6-2 


Prior  to  the  last  test  phase,  tha  ajactor  axit  araa  was  raducad 
by  approximataly  25%.  Tbit  was  accompli  shad  by  electroplating 
tha  ajactor  innar  contours  with  nickel.  Calibration  of  tha  raducad* 
araa  ajactor  is  also  shown  in  figure  5* 

Nixing  tuba  configuration  was  an  important  variabla  during  tha  test. 
Tha  various  configurations  tastad  era  shown  in  figure  6.  Diffuser 
H]  is  tha  scaled-down  subsonic  diffusar  of  tha  Four-Foot  Tunnel. 
Diffuser  Hg  was  constructed  to  replace  tha  H|  diffuser  and  could 
be  tastad  either  with  or  without  tha  15-inch-long  constant -diameter 
portion  which  immediately  follows  the  contraction  section.  Five 
different  constant-area  sections  Sx  were  tested  by  combining  tha 
one-inch,  two-inch,  and  four-inch  lengths.  The  contraction  section 
Mj  vws  constructed  to  be  tested  with  the  Mj  diffuser  and  combinations 
of  the  constant  area  sections  S|_x* 


INSTRUMENTAL  ON 

Instrumentation  for  the  various  tests  of  the  annular  steam  ejector 
consisted  of  static  and  total  pressures  and  total  temperatures. 

The  air  stagnation  temperature  was  sensed  In  the  tunnel  stilling 
chamber  by  a  Marshall  temperature  gage,  accurate  to  ±5°.  The  same 
type  gage  was  used  to  sense  the  steam  temperature  In  the  ejector 
plenum. 

Stilling  chamber  stagnation  pressure,  ejector  plenum  steam  stagnation 
pressure,  and  mixing  tube  total  pressure  (behind  a  normal  shock)  were 
measured  on  Duragage  diaphragm- type  pressure  gages  which  were 
calibrated  prior  to  the  test  and  found  to  be  repeatable  within  about 
to. 5  psi  of  the  calibrated  value. 

Pressures  sensed  on  a  50-tube  mercury  manometer  included  tunnel  test 
section  static  and  total  behind  a  normal  shock,  diffuser  statics  at 
the  minimum-area  section  and  at  the  downstream  end,  and  pressures  in 
the  transition  section  Just  upstream  of  the  mixing  tube.  Ejector 
nozzle  static  pressures  and  static  pressures  on  the  mixing  tube  and 
subsonic  diffuser  sidewalls  were  also  obtained  from  the  manometer. 

A  guillotine  was  located  on  the  top  of  the  manometer,  along  with  a 
bypass  to  atmosphere,  to  prevent  steam  condensation  in  the  tubes 
during  ejector  start  and  stop. 


5.  TEST  PROGRAMS 

125  runs,  comprising  the  first  test  phase,  were  performed  between 
October  23  and  November  29,  1961,  to  calibrate  the  ejector  nozzle 
control  position  versus  Mach  number  and  to  obtain  static  (no  tunnel 
flow)  data  on  mixing  tube  configurations  Mj,  M2,  and  M2S*.  Ejector 
Mach  number  ranged  between  1.4  and  2.86.  Tunnel  starts  could  not 
be  achieved  during  this  first  phase. 
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Prior  to  the  second  test  phase,  the  M3  configuration  end  Its 
associated  constant-area  sections  Sk.  were  fabricated  end  a  larger 
steam  control  velva  was  installed.  The  second  phase  was  conducted 
in  the  period  February  27  through  April  9,  1962,  during  which  325 
runs  were  obtained.  Data  with  and  without  tunnel  flow  ware  taken 
on  various  configurations  of  M),  M]SL  ,  M1M3,  and  M1M3SL  at  ejector 
Mach  numbers  between  1.4  to  2.85.  Ejector  steam  weight  flows  higher 
than  anticipated  were  required  for  best  tunnel  performance. 

In  an  attempt  to  reduce  the  steam  weight  flow,  the  exit  area  of  the 
ejector  was  reduced  approximately  25$  prior  to  the  third  test  phase. 

The  third  (and  final)  phase  of  testing  took  place  between  June  15 
end  June  28,  1 962.  The  only  configurations  tested  in  the  final  91 
runs  were  M|S^,  M|S|_g,  MgS^,  and  M3S|.]f  at  ejector  Mach  numbers  2.0 
to  2. 5» 

The  method  of  obtaining  static  (no  tunnel  flow)  data  was  to  start  the 
steam  ejector  with  the  manometer  guillotine  closed.  When  the  flow  was 
established,  the  guillotine  was  opened  and  the  pressures  allowed  to 
stabilize;  the  guillotine  was  again  closed  and  the  ejector  stopped. 

When  tunnel  flow  was  desired,  a  similar  procedure  was  followed.  The 
ejector  was  started  with  the  guillotine  closed.  With  the  guillotine 
still  closed,  the  tunnel  air  valve  was  opened  quickly  and  the  approximate 
starting  pressure  noted  on  the  Duragage  (by  the  change  in  sound).  After 
the  tunnel  was  started,  the  guillotine  was  opened  and  the  tunnel  total 
pressure  was  slowly  decreased  until  the  tunnel  flow  was  lost;  this 
(minimum  operating)  pressure  likewise  was  noted.  Then  the  tunnel  was 
restarted  and  a  total  pressure  slightly  above  minimum  set  and  manometer 
pressures  allowed  to  stabilize.  The  guillotine  was  closed,  tunnel  and 
ejector  shut  down  and  the  data  recorded. 


6.  DATA  REDUCT 1  ON 


The  raw  data,  recorded  manually  from  gages  or  the  manometer  in  psig 
or  inches  of  mercury,  were  reduced  to  psia  on  a  desk  calculator.  The 
average  of  the  four  ejector  nozzle  static  pressures  was  ratloed  to 
ejector  stagnation  pressure  and  values  of  Mj  were  taken  from  a  chert 
of  Pt/P  versus  M  for  a  ratio  of  specific  heats, V  ,  equal  to  1.33  (for 
steam).  For  the  same  ^  the  area  ratio,  Aje/Aj*,  was  obtained  from 
another  chart  of  A/A*  versus  M.  The  steam  weight  flow  could  then  be 
calculated,  again  assuming  ■  1 . 33>  from 
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Tunnel  Mach  number,  Mn,  was  obtained  from  reference  2  using  the  usual 
normal  shock  relationship,  Pt\/?t2  versu*  M.  For  the  given  value  of 


Mn  from  reference  2  an  area  ratio  An/Au*  was  obtalnad  and  tha  air 
weight  flow  calculatad  from  aquation  (l)  for  V  -  1.4,  l.e.,  from 
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Tha  Nach  nurobar  In  tha  mixing  tuba  could  bo  obtalnad  In  two  ways. 

Tha  first  method  was  to  multiply  Aje/At*  (obtained  earlier)  by 
Am/Aj  (known)  to  get  Am/At*.  Taking  this  value  Into  the  chert  of 
A/A* and  assuming  t  •  1.33  (since  most  of  the  fluid  Is  steam),  an 
approximate  mixing  tube  Mach  number,  1^,,  would  result.  The  second 
method  was  to  record  the  stagnation  pressure  (behind  a  normal  shock) 
in  the  mixing  tube,  to  ratio  this  to  the  ejector  stagnation  pressure, 
and  to  obtain  ft*  iteratively  from  the  relation 
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This  equation  assumes  that,  although  adequate  mixing  of  the  air 
end  steam  has  occurred,  Ptj  is  predominant  (and  unchanged),  and  the 
ratio  of  speciftc  heats  can  be  assumed  to  be  still  that  of  steem. 

In  the  final  analysis,  this  equation  can  only  be  approximate;  but 
values  obtained  by  the  two  methods  were  surprisingly  close,  on 
occasion  wl thin  +0. 1 . 


Several  of  the  important  pressures  were  ratioed  to  P^x  and  plotted  in 
various  combinations  (see  Discussion,  Section  7«)>  The  ratio  of  the 
weight  flows  was  also  calculated  for  use  in  evaluation  of  the 
performance  of  a  given  configuration. 


7.  DISCUSSION 


The  basic  objective  of  the  steam  ejector  study  is  to  obtain  the  lowest 
possible  tunnel  operating  pressure  for  the  least  amount  of  steam  weight 
flow,  keeping  within  the  space  confinements  of  the  existing  Trlsonlc 
Four-Foot  Wind  Tunnel.  Since  the  tunnel  operating  pressure  decreases 
as  the  downstream  pressure  is  decreased,  the  original  plan  of  attack 
was  to  check  the  static  performance  of  several  configurations  and  then 
to  take  the  best  of  these  and  determine  its  tunnel-on  performance. 
Consequently,  static  performance  was  obtained  in  the  first  test  phase 
for  a  number  of  configurations.  Ml,  M2,  M2S1,  M2S2,  etc.  The  best 
static  performance  was  obtained  from  M2S2  and  M2S3  as  shown  in  figure 
7.  Although  the  minimum  pressure  ratio  (ejector  suction  to  exhaust) 
was  not  as  low  as  theory  (figure  8)  or  similar  experience  (reference 
3)  would  predict,  it  was  sufficiently  low  at  Mj  *  2.3*  that  reductions 


*ln  figure  8  the  experimental  data  show  a  break  in  the  curve  somewhere 
above  Am/Aj^.S.  It  is  believed  that  at  the  higher  mixing  tube  Mach 
numbers  the  temperature  of  the  steam  is  so  low  that  condensation  takes 
place.  Instead  of  pumping  a  homogeneous  gas,  the  ejector  must  now 
pump  a  mixture  of  gas  and  liquid,  at  a  consequent  loss  of  efficiency. 
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of  starting  and  oparating  prasturas  by  a  factor  of  4  or  5  war# 
anvisionad.  However,  tunnal  starts  wars  not  achiavad  for  any 
coabinatlon  of  M)  or  M2$x>  avan  though  a  maximum  of  100  psla  tunnal 
total  prassura  was  aval  labia.  (Approximately  165  psia  is  required 
to  start  tha  tunnel  without  ajactors  at  H  »  4.0.) 

It  Is  obvious,  In  retrospect,  that  tha  contraction  ratio  of  M2,  which 
I*  Am/Atnc  *  0.662,  is  too  small.  In  addition,  rafarancas  4  and  5 
stata  that  mixing  tuba  L/D  ratios  batwaan  4  and  6  produca  tha  bast 
rasults.  Sinca  L/D  ■  8  rasuits  in  a  mixing  tuba  length  that  Is 
greater  than  tha  allowable  length  of  tha  complete  ejector  system, 

It  was  not  considered  further.  However,  mixing  tuba  sections  with 
l/O  of  2.0  and  4.0  were  constructed  for  use  alone  or  in  tandem. 

Another  contraction  section  with  Am/Amc  »  0.008  (and  an  additional 
L/D  ■  2.19)  was  constructed  for  use  with  tha  new  mixing  tubes. 

The  new  mixing  tube  configurations  were  tested  during  tha  second 
phase.  The  static  minimum  Pc /fa  value  at  Mj«2.3  was  of  tha  same 
magnitude  as  those  attained  during  the  first  phase  of  testing, 
although  at  the  other  ejector  Hach  numbers  the  performance  was 
not  as  good.  The  minimum  value  of  Pc/Pa  occurred  at  higher  values  of 
Ptj/P«  than  In  Phase  One.  The  best  static  performance,  shown  in 
figure  9,  was  achieved  with  configuration  H1M3SL4,  which  has  a  total 
mixing  tube  L/O  =  6.19  (Including  the  contraction  section,  H3). 

During  this  second  phase,  the  tunnel  was  started  for  all  configurations 
of  MjSl  and  MiM3$|_x  for  1.8  <  Mj  <  2.8.  Tunnel  starts  were  also 
obtained  with  configuration  M1M3  at  Mj  =  2.8.  Unfortunately,  It  Is 
meaningless  to  present  plots  of  Pc/Pa  versus  Ptj/Pa  with  tunnel  flow 
as  was  done  in  reference  3*  Whereas  in  that  tunnel  the  air  flow  was 
dumped  into  a  plenum  downstream  of  the  supersonic  diffuser,  where  Pc 
was  truly  a  stagnation  pressure,  in  our  case  the  Pc  measurement  was 
made  only  by  a  total  pressure  tube  downstream  of  a  number  of  oblique 
shocks  standing  in  the  supersonic  diffuser. 

Notwithstanding  the  lack  of  a  true  measurement  of  stagnation  pressure 
upstream  of  the  ejector,  adequate  evaluation  of  the  ejector  performance 
can  be  obtained  by  studying  curves  of  minimum  tunnel  operating  pressure 
versus  ejector  total  pressure.  Figures  10  and  11  are  composite  plots 
showing  the  effect  of  mixing  tube  length  on  these  pressures  both  with 
(figure  10)  and  without  (figure  11)  mixing  tube  contraction,  M3.  It 
can  be  seen  that  the  lowest  tunnel  total  pressure  (46  psla)  occurs 
for  configurations  M]S|£  (total  L/D  =  6.0)  and  M1M3S1.4  (total  L/D 
c  6.19)  at  Mj  ■  2.3.  Ejector  steam  weight  flow  required  Is  about 
4.1  pounds  per  second.  The  tunnel  starting  pressure  for  these 
configurations  was  approximately  55  psla.  Because  the  steam  require¬ 
ments  were  considered  to  be  too  high,  investigation  of  operating 
pressures  at  lower  weight  flows  was  desired.  Figures  12  and  13  show 
curves  of  tunnel  total  pressure  vs.  ejector  steam  weight  flow  for 
configurations  MjSLg  and  M^S^,  respectively.  It  is  clearly  seen 


from  the  slop*  of  the  curves  In  figure  12  that  tha  sacrifice  in 
minimum  operating  pressure  is  very  great  for  any  appreciable  savings 
In  ejector  weight  flow.  In  figure  13,  however,  at  Hj  «  1.91  there  Is 
a  minimum  point  which  provides  a  compromise  between  weight  flow  and 
operating  pressure.  Tunnel  starting  pressure  was  62  psla  with  a  minimum 
operating  pressure  of  54  psla  and  ejector  steam  flow  3*7  pounds  per 
second,  about  10#  reduction  In  steam  weight  flow. 

The  10#  savings  in  weight  flow  was  deemed  to  be  Insufficient,  since 
original  cost  estimates  for  the  Four-Foot  Tunnel  modifications  were 
based  on  a  steam  power  plant  providing  only  about  700  pounds  of  steam 
per  second  (2.7  pounds  per  second  In  the  1/16  scale  pilot  tunnel). 

Analysis  of  tha  problem  Indicated  that  reducing  the  ejector  exit  area 
might  effect  a  substantial  decrease  in  steam  flow.  The  most  practical 
method  of  decreasing  the  area  was  by  electroplating  the  existing  ejector 
nozzle  (see  Ejector  Description,  Section  3>)>  The  final  ejector  area 
amounted  to  a  26.3#  reduction  from  the  original.  The  static  performance 
of  the  system  was  not  as  good  as  that  of  the  first  two  phases.  The  best 
static  configuration  was  M^Su^  (total  l/D  =  6.19);  figure  14  Illustrates 
the  data  obtained.  Data  from  the  second  test  phase  are  also  shown  for 
comparison.  Air-off  performance  notwithstanding,  with  tunnel  flow,  lower 
minimum  operating  pressures  at  lesser  weight  flows  were  achieved.  Figure 
15  is  a  composite  plot  of  all  configurations  tested  in  the  third  phase. 

It  can  be  seen  that  the  lowest  tunnel  operating  pressure  was  obtained 
at  Pm  =  118.5  psla,  which  was  the  highest  attainable  steam  pressure. 

A  plot  of  tunnel  total  pressure  versus  steam  weight  flow  Is  shown  in 
figure  16;  the  ejector  weight  flow  for  the  lowest  tunnel  operating 
pressure,  which  occurs  at  Hj  -  2.49,  is  3*7  pounds  per  second.  The 
minimum  tunnel  pressure  is  now  41  psla,  starting  pressure  50  psla. 

Thus,  an  Improvement  In  performance  over  phase  two  tests  was  attained 
with  the  reduced-area  ejector,  viz.  11#  in  tunnel  operating  pressure 
and  10#  in  steam  weight  flow,  but  it  is  not  as  good  as  expected. 

In  figure  16,  Interesting  minima  are  seen  In  the  curves  for  Hj  of  2.02 
and  2.22.  At  Mi  =  2.22,  minimum  Pt#  Is  45  psla  at  3*55  pounds  of 
steam  per  second  (a  14#  reduction  from  phase  two  weight  flows  with 
nearly  the  same  tunnel  pressure).  At  Mt  *  2.02,  minimum  Pt,j  is  50 
psla  at  3.4  pounds  per  second  (a  17#  reduction  but  at  higher  tunnel 
pressure  than  phase  two).  A  fairly  important  disadvantage  of  the 
reduced-area  ejector  that  was  brought  out  in  these  tests  is  that 
approximately  25#  higher  steam  stagnation  pressures  were  required  to 
operate  than  for  the  original  ejector  area.  This  can  be  seen  even  in 
the  static  performance  (figure  14).  Reference  6  states  that,  for  a 
given  Aj#/Ai*,  optimum  Ptj/Pe  Increases  as  A^Ai*  is  Increased.  In 
addition,  tne  effect  of  changing  Aja/Aj*  (or  Mj)  is  secondary  to  the 
change  of  Am/Aj*.  This  becomes  apparent  when  one  considers  that  the 
mixing  tube  acts  somewhat  as  a  tunnel  and,  to  start  it  and  maintain 
supersonic  flow,  a  minimum  pressure  ratio  is  required  dependent  upon 
mixing  tube  Mach  number  (or  area  ratio).  Mixing  tube  Mach  number  Mn 


tf-7 


during  phase  two  was  about  3*0  compared  to  3*5  during  phase  three. 

This  also  explains  why  the  best  performance  In  phase  three  was 
achieved  using  the  contraction  section,  whereas  in  phase  two  it  was 
not  as  Important.  The  point  above  which  a  diffuser  begins  to  show 
advantages,  efficiency-wise.  Is  usually  considered  to  occur  between 
Hach  numbers  2.5  and  3.0. 

The  next  step  In  the  test  program  called  for  investigation  of  additional 
mixing  tube  geometrical  effects.  However,  further  testing  of  the  steam 
ejector  was  denied  by  two  occurrences:  first,  the  cancellation  of  the 
proposed  arc-heated  tunnels  which  required  a  steam  plant;  and  secondly, 
somewhat  later,  the  expiration  of  the  IR&D  funds  for  the  project.  This 
cancellation  of  the  arc-heated  tunnels  end  attendant  steam  plant  had 
the  effect  of  changing  the  ejector  motive  source  from  steam  to  air. 

The  l/i6-scale  pilot  tunnel  was  consequently  moved  from  the  Torrance 
location  to  DAL,  where  it  could  be  set  up  as  a  part  of  the  Fluid 
Mechanics  Laboratory  with  135  psia  air  available  for  both  the  ejector 
and  tunnel  supplies.  Work  was  initiated  to  determine  the  best  ejector 
and  mixing  tube  geometries  to  use  with  an  air-driven  system  and  also 
to  determine  how  much  total  air  would  be  required,  since  this  would 
Influence  the  size  and  cost  of  the  additional  air  storage  reservoirs. 

In  order  to  optimize  run  time,  which  could  be  limited  by  either  the 
ejector  or  the  tunnel,  some  compromise  might  be  needed  In  tunnel 
performance.  In  order  to  determine  which  configurations  might  best 
be  investigated,  total  weight  flow  (steam  plus  air)  data  from  phases 
two  and  three  were  plotted  versus  tunnel  total  pressure  for  the  two 
best  mixing  tube  configurations  with  the  original  ejector  and  the 
single  best  configuration  with  the  reduced-area  ejector.  These  cases 
are  shown  in  figures  17,  18  and  19«  Figure  17  shows  that,  for  mixing 
tube  configuration  N]S|.g,  the  sacrifice  in  tunnel  performance  is  too 

;reat  to  Justify  any  attempt  to  decrease  total  weight  flow  below 
.8  pounds  per  second.  In  figure  18,  the  aforementioned  Mj  ■  1.91 
tests  on  configuration  M1M3S1.I4.  could  be  an  acceptable  compromise. 

This  same  configuration  with  the  reduced-area  ejector  (shown  in  figure 
19)  presently  appears  to  be  the  best  starting  point  for  air  investigations 
because  it  has  several  potential  compromise  points.  If  lowest  operating 
pressure  is  desired,  regardless  of  run  time,  then  an  Mi  of  2.k9  (or  higher) 
appears  best.  If  long  run  time  is  important,  then  Macn  number  2.02  is 
better.  Of  course,  replacing  steam  by  air  will  undoubtedly  increase  the 
required  mass  flow,  but  it  is  believed  that  the  shapes  of  the  curves 
will  not  change  significantly.  Before  air  ejector  tests  could  be  made, 
funds  for  the  project  had  expired. 

Prior  to  the  expiration  of  the  IR&D  funds,  fabrication  had  been  started 
on  a  clustered-nozzle  ejector  configuration  to  replace  the  annular 
ejector.  The  purpose  of  testing  such  a  configuration  is  that,  if  it 
were  successful,  it  would  greatly  simplify  the  final  Four-Foot  Tunnel 
rework.  Fabrication  of  the  clustered-nozzle  ejector  configuration  was 
halted  prior  to  completion. 


8.  RESULTS  AMP  CONCLUSIONS 

Results  of  the  thro*  test  phases  of  an  annular  steam  ejector  study. 
Including  the  affect  of  mixing  tuba  geometry,  ere  as  follows: 

1.  The  existing  Four-Foot  Tunnel  subsonic  diffuser  Is  not  an 
acceptable  mixing  tube  configuration. 

2.  Contraction  downstrean  of  the  constant-diameter  mixing  tube 
Is  desirable  at  mixing  tube  Hach  numbers  In  excess  of  3.0. 

3.  The  amount  of  contraction  may  be  determined  by  diffuser  theory 
and  has  a  considerable  effect  on  ejector  performance. 

4.  Mlslng  tuba  1 eng th-to-d tame ter  ratio  of  approximately  six,  either 
with  or  without  contraction,  proved  best  in  tests  with  a  large 
ejector  exit  area.  Reductions  of  about  3:1  and  2.3:1  from  Four- 
Foot  Tunnel  starting  and  running  pressures,  respectively,  were 
achieved. 

5.  Mixing  tube  length-to-diameter  ratio  of  6.19,  Including  contraction, 
provided  reductions  from  Four-Foot  Tunnel  starting  and  running 
pressures  of  about  3*3:1  and  2.8:1  when  the  ejector  exit  area  was 
reduced  by  25$. 

6.  Steam  weight  flows  would  scale  up  to  1030  and  950  pounds  per  second 

In  the  Four-Foot  Tunnel  for  I  terns  4  and  3  above,  respectively. 
Sacrifices  on  the  order  of  13$  in  starting  and  running  pressure 
reductions  would  lower  the  steam  requirements  to  950  and  873 
pounds  per  second.  • 

Results  of  the  tests  of  the  annular  steam  ejector  and  several  mixing 
tube  configurations  gave  rise  to  some  conclusions  which  may  be  applicable 
to  the  design  of  the  ejector  system  proposed  for  the  Trisonic  Four-Foot 
Wind  Tunnel.  The  fact  that  air,  rather  than  steam,  will  probably  be 
the  ejector  motive  source  dictates  that  caution  be  used  In  applying  these 
conclusions  directly  to  the  ejector  design. 

1.  Mixing  tube  length-to-diameter  ratio  should  be  about  six. 

2.  The  contraction  section  should  not  be  used  because  of  its  complexity, 
and  mixing  tube  Mach  number  should  be  less  than  3>0. 

3>  Ejector  Mach  number  should  be  adjustable,  within  narrow  limits  of 
2.3  to  2.3,  to  provide  better  performance. 

4.  Mixing  tube  area  should  be  approximately  five  times  the  minimum 
throat  area  for  best  efficiency  and  lowest  weight  flows. 
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THREE-INCH  PILOT  TUNNEL  AND  STEAM  EJECTOR  SYSTEM 


FIGURE  2 
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THREE-INCH  PILOT  TUNNEL  DIFFUSER.  NOZZLE  SECTION,  AND  STILLING  CHAMBER  (L  TO  R) 


FIGURE  3 
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THREE-INCH  PILOT  TUNNEL  SUPERSONIC  DIFFUSER 


FIGURE  4 
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STEAM  EJECTOR  CONTOURED  NOZZLE  PARTS 


FIGURE  5 
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EJECTOR  THROAT  CONTROL  DISTANCE,  Xj  (INCHES) 


RATIO  OF  EJ  ECTOR  TOTAL  PRESSURE  TO  EXHAUST  PRESSURE,  Pti/PEX 


EJECTOR  SUCTION  PRESSURE  VS.  EJECTOR  TOTAL  PRESSURE 


RATIO  OF  EJECTOR  TOTAL  PRESSURE  TO  EXHAUST  PRESSURE,  Pti/P 
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FIGURE  10 


tSi  40^ 


CO 

>o  ^ 

* 


H-  «a  ^ 

g  i„  I 

_ I  ^  x  ^  o 

v  co  z  W  i- 

2  ^  g  z  § 

(-  QC  o  5  o 

Z  CL  O  ~  uj 

o_j  “5  ® 

X<  h 

h-  *  rn 

5o  3  j  * 

^  i_  O  uj  — 

5  |!| 

uj  os  as 

®  s  w 


J«  « 


O  t-  u 

o  S  *  “ 

"  S  3  “ 

LlJ  »  Lu  Isi 


(visd)N,d  '3ynss3dd  monaNNni 


FIGURE  II 


STEAM  EJECTOR  TOTAL  PRESSURE,  Ptj  (PSIA) 


EFFECT  OF  EJECTOR  MACH  NUMBER  ON  MINIMUM  TUNNEL  TOTAL  PRESSURE  VS. 

EJECTOR  WEIGHT  FLOW 


EJECTOR  WEIGHT  FLOW,  W:  (LB/SEC) 


EFFECT  OF  EJECTOR  MACH  NUMBER  ON  MINIMUM  TUNNEL  TOTAL  PRESSURE  VS. 


EJECTOR  WEIGHT  FLOW.W,  (LB/SEC) 


EJECTOR  SUCTION  PRESSURE  VS.  EJECTOR  TOTAL  PRESSURE 


RATIO  OF  EJECTOR  TOTAL  PRESSURE  TO  EXHAUST  PRESSURE,  P« 
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FIGURE  15 
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STEAM  EJECTOR  TOTAL  PRESSURE,  Pti  (PSIA) 


EFFECT  OF  EJECTOR  MACH  NUMBER  ON  MINIMUM  TUNNEL  TOTAL  PRESSURE  VS 

EJECTOR  WEIGHT  FLOW 


FOR  MIXING  TUBE  CONFIGURATION  M,M3SU 
TUNNEL  MACH  NUMBER -4.0 


EJECTOR  EXIT  AREA  -  6.06  SQ.  IN 
inn 


EFFECT  OF  EJECTOR  MACH  NUMBER  ON  TOTAL  HEIGHT  FLO«  VS, MINIMUM  TUNNEL 

TOTAL  PRESSURE 


FOR  MIXING  TUBE  CONFIGURATION  M,M,SU 
TUNNEL  MACH  NUMBER  -4.0 


EJECTOR  EXIT  AREA  .  >.22  SQ.  IN, 


EFFECT  OF  EJECTOR  MACH  NUMBER  ON  TOTAL  WEIGHT  FLOW  VS.  MINIMUM  TUNNEL 

TOTAL  PRESSURE 

FOR  MIXING  TUBE  CONFIGURATION  M,  M}  SL4 
TUNNEL  MACH  NUMBER  ~  4.0 

EJECTOR  EXIT  AREA-6.06  SO.  IN. 
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SUMMARY 


Five  major  areas  of  instrumentation  have  been  Investigated,  all  pertaining 
especially  to  the  Hypersonic  Two-Foot  Wind  Tunnel  but  with  certain 
advantages  accruing  to  the  entire  family  of  three  Intermittent  wind  tunnels 
at  DAL.  First,  analysis  of  pressure  lag  time  in  capillaries  and  experience 
with  variable  reluctance  transducers  and  with  the  160-channel  pressure 
scanner  in  the  trlsonlc  tunnels  have  led  to  detailed  plans  for  a  system 
of  measuring  accurately  TO  model  pressures  at  four  or  more  model  attitudes 
at  all  operable  conditions  of  the  Hypersonic  Tunnel.  Second,  electrode 
materials  and  configurations  have  been  successfully  devised  for  repeated 
operation  of  light  sources  for  shadowgraphs  and  other  optical  systems 
which  adhere  to  the  specifications  appropriate  to  Hypersonic  Tunnel  tests. 
Third,  a  reliable  six-component  strain-gauge  balance  has  been  developed 
and  tested  in  the  three  wind  tunnels  to  the  extent  that  new  balances  for 
special  models  can  now  be  produced  for  less  than  one-third  of  the  cost 
of  commercial ly-obtainable  balances.  This  device  has  contributed  to  the 
successes  of  the  large  number  of  programs  performed  in  DAL  facilities. 

An  acceleration-compensated,  three-component  balance  system  also  has  been 
developed,  which  utilizes  solid-state  strain  gauges  to  realize  improve¬ 
ments  in  sensitivity  measured  by  orders  of  magnitude.  Fourth,  high- 
temperature-measurement  procedures,  i.e.,  for  temperatures  beyond  the 
capabilities  of  conventional  thermocouples,  have  been  studied  and 
operational  techniques  have  benefitted  therefrom.  Fifth,  the  precision 
of  the  central  data-gathering  system  has  been  improved  so  that  errors 
transmitted  due  to  internal  noise  are  limited  to  10  microvolts  and  those 
due  to  external  electrical  fields  do  not  exceed  12  microvolts,  satisfactory 
levels  for  the  foreseeable  future. 
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I NTRODUCT I  ON 


To  progress  at  a  1 1 >  It  Is  essential  that  the  technology  of  instrumentation 
keep  pace  with  new  and  advanced  facilities  and  with  the  upgrading  of 
existing  facilities.  As  part  of  a  continuing  IR&D  study,  five  major 
areas  of  instrumentation  have  been  Investigated  during  FY  1962,  all 
pertaining  especially  to  the  Hypersonic  Two-Foot  Wind  Tunnel  (reference 
1),  but  with  certain  advantages  accruing  to  the  entire  family  of  three 
intermittent  wind  tunnels  at  DAL.  These  areas  are  low-pressure  measure¬ 
ment,  shadowgraphlc  flow  visualization,  force  measurement,  temperature 
measurement,  and  data  system  accuracy. 


2.  LOW-PRESSURE  MEASUREMENT 

Utilization  of  the  Hypersonic  Two-Foot  Wind  Tunnel  requires  pressure 
measuring  methods  which  are  more  sensitive  and  precise  than  those  used 
in  slower  wind  tunnels.  Following  an  earlier  study  (reference  2)  of  the 
state  of  the  art,  it  has  been  decided  to  use  a  differential  pressure 
transducer  for  all  low-pressure  measurement,  with  the  reference  side  of 
the  transducer  evacuated  to  less  than  40  microns.  The  Pace  P7D  variable 
reluctance  transducer  has  been  selected  as  best  able  to  satisfy  all 
requirements.  During  FY  1962  these  transducers  have  been  used  success¬ 
fully  on  tests  on  the  hypersonic  wind  tunnel  at  Mach  6  and  at  Mach  8. 
Because  these  transducers  are  too  large  for  mounting  in  a  model  (as  are 
any  other  transducers  which  satisfy  all  other  requirements),  it  is 
necessary  to  mount  them  at  the  bottom  of  the  strut,  where  the  pressure 
lag  time  (time  for  pressure  to  stabilize  in  tubing  connecting  model  to 
transducer)  is  tolerable  providing  the  tubing  geometry  is  carefully 
considered.  Space  considerations  also  limit  the  number  of  transducers 
that  can  be  mounted  on  the  bottom  of  the  strut.  Consequently,  pressure 
lag  and  a  method  of  multipressure  measurement  have  been  analyzed  and 
are  reported  in  reference  3«  From  this  study  and  from  experience  with 
the  160-channel  pressure  scanner  in  the  trisonic  tunnels,  an  approach 
to  the  problem  has  been  defined  which  allows  70  model  pressures  to  be 
macsurcd  accurately  at  several  angles  of  attack  and  at  Mach  6,  8,  and 
10.  This  device  will  be  designed  and  acquired  during  FY  1963. 


3.  SHADOWGRAPHIC  FLOW  VISUALIZATION 


v“—-" - — A—specfftcaTi' on  for~a  spark  shadowgraph  system  to  serve  all  wind  tunnels 

has  been  written  and  major  components  have  been  developed.  This  system 
consists  of  a  light  source,  a  high-voltage  power  supply,  a  film  trans¬ 
port  mechanism,  a  transport  mounting  frame,  and  associated  controls. 

It  was  originally  planned  to  use  the  spark  unit  light  sources  that  were 
developed  for  the  ballistic  range.  It  was  soon  realized,  however,  that 
these  spark  units  had  serious  shortcomings  in  more  repetitive  wind 
tunnel  operations  and,  hence,  an  instrumentation  development  program 
was  started  to  define  the  trouble  areas  and  to  find  solutions  that  would 
provide  a  satisfactory  light  source.  This  program  has  been  successfully 
completed  and  results  are  reported  in  reference  4.  The  chief  results  of 
this  investigation  consist  of  finding  a  successful  electrode  configuration 
and  finding  materials  that  withstand  repeated  sparking.  Still  to  be 
accomplished  is  the  incorporation  of  the  recommended  improvements  into 
the  final  shadowgraph  system. 


4.  FORCE  MEASUREMENT 


The  development  of  e  six-component  balance  was  completed  and  reported 
during  FY  1 96 1  (reference  5).  The  success  of  this  work  Is  demonstrated 
by  the  large  number  of  tests  run  In  all  three  wind  tunnels  during  FY 
I962,  including  work  on  Re-Entry,  ASTRO,  A40-6,  Supersonic  Transport 
and  VAX  programs.  The  overload  protection  feature  was  shown  dramatically 
when  the  half-inch  balance  6-500-4  (DAL  No.  53)  was  subjected  to  an  over¬ 
load  greater  than  200$  without  damage  to  the  balance  gaging,  even  though 
the  sting  portion  of  the  balance  was  bent.  Results  from  balances 
already  fabricated  and  the  experience  gained  enroute  have  provtded  the 
capability  of  producing  new  balances  as  required  for  wind  tunnel  model 
testing  at  costs  of  less  than  one  third  of  those  for  commercially 
obtainable  balances.  During  FY  1 962  a  start  was  made  on  balances 
using  solid  state  strain  gages  (reference  6).  One  balance  was  partially 
instrumented  with  these  new  gages.  Preliminary  checking  has  shown  a 
large  Increase  in  rol 1  sensitivity.  Lack  of  roll  sensitivity  had  been 
a  very  serious  limitation  in  some  recent  force  tests.  A  new  three- 
component  balance  using  soiid  state  strain  gages  is  under  development 
for  use  in  the  Hypervelocity  impulse  Tunnel.  This  balance  includes 
miniature  accelerometers  to  enable  electrical  cancellation  of  inertial 
forces.  Piezoelectric  crystals  will  also  be  studied  for  future  balances 
for  this  faciiity. 

It  is  planned  to  develop  during  FY  1963  a  procedure  to  calibrate 
balances  by  simultaneously  loading  all  six  components.  Since  this 
more  closely  simulates  actual  loading  on  a  model  during  a  run,  it 
is  believed  that  data  validity  will  thus  be  improved  significantly. 


5.  TEMPERATURE  MEASUREMENT 


In  most  trisonic  wind  tunnel  applications,  temperature  sensing  and 
measurement  by  thermocouples  is  satisfactory.  However,  the  problem 
of  applying  thermocouple  techniques  to  measure  temperatures  about  2700°F 
as  occur  in  the  pebble-bed  furnace  which  preheats  air  for  the  Hypersonic 
Two-Foot  Wind  Tunnel,  has  not  been  satisfactorily  resolved.  To  find  a 
possible  answer,  hi gh-temperature  measurements  were  studied  in  a  short 
course  at  UCLA  during  FY  I962.  The  knowledge  obtained  was  used  to 
improve  the  temperature  readout  system  of  the  pebble  bed  heater 
(reference  T)« 


6.  ACCURACY  OF  THE  CENTRAL  DATA-GATHER1 NG  SYSTEM 


A  brief  study  has  been  made  of  the  absolute  voltage-measuring  accuracy 
of  the  central  data-gatherlng  system  during  FY  1962.  Errors  relative 
to  a  known  voltage  source  were  no  greater  than  70  microvolts,  and  in 
most  cases  were  less  than  40  microvolts.  After  careful  adjustment,  the 
deviations  were  reduced  to  within  10  microvolts  on  all  16  recorders. 

The  errors  due  to  noise  In  the  switching  system  were  less  than  12  micro¬ 
volts.  These  tests  showed  the  central  data  system  to  be  more  accurate 
than  attainable  by  the  present  method  of  using  precision  shunt  resistors 
as  a  means  to  calibrate  bridge-type  transducers.  When  self-generating 
voltage  transducers,  such  as  thermocouples,  are  used,  it  may  be  necessary 
to  seek  further  refinements. 
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SUMKARY 


Early  operation  of  the  Hypersonic  Two-Foot  Wind  Tunnel  had  been 
hampered  by  oblique  shock  waves  which  originate  at  the  exit  of 
the  contoured  nozzle  and  limit  the  size  of  the  usable  core  within 
the  free  Jet  of  test  air  Issuing  therefrom.  Several  modifications 
to  the  configuration  of  the  scoop  which  collects  this  free  Jet, 
and  to  the  geometry  of  strut  and  pod  of  the  model  support  system, 
have  been  tested.  One  such  configuration  produced  shock-free  flow 
within  the  30- inch  window  region  when  the  model  and  pod  are 
translated  outside  the  test  section.  The  greatest  improvement, 
however,  results  from  reducing  the  wedge  angle  of  the  pod, 
sharpening  its  leading  edge,  and  properly  sealing  clearances 
between  strut  and  scoop.  Consequently,  configurations  for 
greatly  improving  test  core  size  and  operation  have  become  known. 
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INTRODUCTION 


The  DAL  Hypersonic  Two-Foot  Wind  Tunnel  (figures  1  and  2)  Is  a  blowdown- 
to- vacuum  facility  designed  to  operate  In  the  Hach  5  to  10  range  (see 
reference  1).  Models  are  tested  In  the  free  jet  Issuing  from  an 
appropriate  axlsymmetrlc  contoured  nozzle  into  a  large,  evacuated  plenum. 
All  of  the  test  flow  must  circumfuse  the  model,  sting,  pod,  and  strut, 
and  must  enter  a  scoop  and  diffuser  unimpeded  If  an  adequate  core  of 
uniform  flow  Is  to  be  maintained.  However,  early  operation  had  been 
hampered  by  oblique  or  conical  shock  waves  originating  In  the  vicinity 
of  the  contoured  nozzle  exit,  diminishing  the  usable  test  core  and 
generating  high-pressure  fields  downstream.  These  high  pressures 
propagate  upstream  through  wakes  and  boundary  layers  to  distort  base 
flow  conditions  and  to  interfere  with  model  force  balances  and  boundary 
layer  transition.  These  boundary  shock  waves  arise  from  blockage  by 
the  model-strut  system,  from  incomplete  swallowing  of  the  jet  by  the 
scoop,  from  separation  of  the  boundary  layer  from  the  Interior  surface 
of  the  scoop,  and  from  inefficient  diffusion. 

An  IR&D  investigation  has  been  Initiated  and  completed  during  FY  1 962 
to  optimize  tunnel  configurations  and  to  maximize  the  shock-free  test 
core.  Several  convergent-divergent  conical  inserts  within  the  lips 
of  the  scoop,  as  well  as  fairings  on  pod  and  strut  leading  edges,  were 
tested  at  Mach  8.  As  a  result,  configurations  which  improve  the  size 
of  the  test  core  have  been  found. 

Figure  3  Is  submitted  to  represent  the  flow  mechanism.  The  strut  and 
pod,  located  within  the  scoop,  are  principal  contributors  to  blockage 
of  the  flow.  They  cause  a  system  of  relatively  strong  shock  waves  which 
Increase  the  static  pressure  downstream  of  the  strut.  The  adverse 
pressure  gradient  causes  the  flow  to  separate  along  the  interior  surface 
of  the  32- Inch-diameter  scoop.  Flow  separation  permits  establishment  of 
a  feedback  mechanism  which  pumps  air  into  the  plenum  surrounding  the 
test  section.  (The  adverse  pressure  gradient  causes  a  similar  feedback 
along  the  sting  which  adversely  affects  flow  near  the  model  base,  not 
illustrated  In  figure  3»)  This  action  supports  a  high  plenum  pressure 
and  strengthens  the  oblique  shock  waves  which  limit  the  test  core. 
Meanwhile,  the  flow  separation  decreases  the  effective  flow  area  at  the 
strut  and  sets  up  separation  shocks.  These  further  increase  the  down¬ 
stream  pressure.  This  process  continues  until  an  equi 1 ibrlum  condl tion 
is  reached.  Measures  which  have  been  taken  to  improve  conditions  in 
the  test  core  are  discussed  here. 

The  present  tests  were  preceded  by  similar  flow  studies  conducted  as 
part  of  the  calibration  of  the  facility  at  Mach  6  and  8;  see  reference  2. 
At  that  time,  the  internal  contour  of  the  scoop  was  successfully  modified 
so  as  virtually  to  eliminate  the  shock  waves  from  the  test  section. 
However,  this  modification,  in  the  form  of  an  insert  located  forward  of 
the  strut,  requires  that  the  slots  which  exist  in  the  scoop  to  admit  the 
strut  be  sealed  along  the  surface  of  the  Insert.  This  seal  would  limit 
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strut  travel  and  would  prevent  operation  of  the  gimbal  which  pitches 
the  strut  (and  model).  Such  an  insert  would  be  impractical  during  most 
force  tests,  for  example. 

Subsequent  analysis  suggested  several  possible  solutions  to  the  problems 
set  forth  above.  The  most  successful  configurations  (to  date)  are 
described  in  section  2  and  the  corresponding  test  results  are  summarized 
in  section  3* 


2.  MODEL  AND  TUNNEL  CONFIGURATIONS 


The  four  models  tested,  three  sharp  winged  cones  and  one  blunt  cone,  are 
shown  in  figure  4.  The  HI 9  models  are  approximately  10  inches  long;  their 
base  cone  diameters  are  3  or  4.5  inches, and  their  base  wing  spans  are 
4  or  6  inches.  Model  Ml 40- 1  is  10.8  inches  long  and  2.2  inches  in  base 
diameter.  Six  components  of  forces  and  moments  acting  on  the  model  were 
sensed  by  an  internal  strain-gage  balance.  Model  base  pressure  also  was 
measured. 

Three  similar  inserts,  differing  in  size  and  ramp  angle,  were  tested  in 
the  scoop.  Figure  5  shows  insert  C  installed  at  the  leading  edge  of  the 
scoop  forward  of  the  (hidden)  strut,  with  the  slot  for  the  strut  sealed 
along  the  cylindrical  scoop  surface.  Any  of  the  inserts  could  be  installed 
forward  or  aft  of  the  strut  and  the  strut  slots  could  be  sealed  either 
along  the  surface  of  the  scoop  or  along  the  surface  of  the  insert.  The 
distribution  of  static  pressure  was  measured  along  the  seal. 

A  fairing  for  the  leading  surfaces  of  the  pod  was  also  tested.  The  original 
pod,  shown  in  its  retracted  position  in  figure  6,  is  primarily  a  blunt  wedge 
of  23-degree  half  angle  and  6-inch  base.  The  pod  fairing,  shown  in  figure  7> 
retains  the  base  thickness  but  decreases  the  half  angle  to  12  degrees  and 
sharpens  the  leading  edge. 


3.  TEST  RESULTS 


The  results  of  the  first  eight  runs  indicate  that  any  restriction  in  cross 
sectional  area  of  the  scoop  aft  of  the  strut  is  detrimental  to  the  flow. 
Each  of  several  combinations  of  insert  configuration  and  position  aft  of 
the  strut  increased  the  test  section  plenum  pressure  and  strengthened  the 
boundary  shock  waves,  relative  to  the  clean  configuration. 

Four  runs  (one  with  each  of  the  models)  with  insert  C  at  the  leading  edge 
of  the  scoop  and  with  the  slot  sealed  along  the  contour  of  the  insert 
produced  no  improvement.  The  seal,  of  course,  prevented  removal  of  the 
pod  and  model  by  translating  them  outside  of  the  scoop  during  these  runs. 
The  next  run  was  made  with  the  same  insert  and  seal,  but  with  pod  and  model 
permanently  outside  of  the  flow.  This  configuration  produced  a  pressure  in 
the  test  section  plenum  equal  to  the  undisturbed  free  stream  pressure  and 
successfully  eliminated  the  boundary  shock  weva  for  the  first  time.  Thts 


run  is  represented  by  the  point  at  a  pressure  ratio  of  unity  In  figure  8, 
which  shows  typical  measurements  of  the  test  section  plenum  pressure  as 
a  function  of  the  pod  (and  model)  position.  Figure  8  shows  how  the 
p1enum-to~statlc  pressure  ratio  normally  Increased  to  it  or  more  as  the 
pod  was  translated  to  the  tunnel  centerline.  Figure  9  gives  the  position 
of  the  conical  boundary  shock  wave  that  would  predictably  be  observed  for 
this  range  of  pressure  ratio.  The  lowest  pressure  ratio  observed  with  the 
pod  retracted  was  about  1.5  prior  to  the  present  test. 

It  is  also  observed  that  20  seconds  are  required  after  the  flow  Is  started 
to  permit  the  test  section  plenum  to  reach  a  minimum  pressure  when  the  pod 
is  on  the  tunnel  centerline  and  when  an  insert  is  mounted  at  the  leading 
edge  of  the  scoop  and  the  strut  slot  is  sealed.  In  the  run  just  discussed 
and  In  subsequent  runs,  this  time  to  establish  equilibrium  is  halved. 

The  result  with  pod  retracted,  described  above,  suggested  the  dominant 
role  of  the  pod  geometry  relative  to  the  scoop  geometry.  The  next  runs 
showed  that  sealing  along  the  scoop  surface  instead  of  along  the  insert 
surfaces,  and  streamlining  the  strut,  had  negligible  effect  on  the  flow 
si tuation. 

Meanwhile,  as  a  result  of  developing  the  better  understanding  of  the  flow 
mechanism  as  described  qualitatively  in  the  Introduction  and  in  figure  3, 
the  pod  configuration  was  studied.  A  sharp-edged  fairing,  described  in 
section  2  and  shown  in  figure  7,  was  fabricated  and  installed  over  the 
pod.  This  fairing,  tested  with  no  insert  on  the  scoop  wall,  produced 
a  significant  reduction  in  plenum  pressure  for  all  pod  positions  (except 
fully  retracted),  as  shown  in  figure  8.  The  improved  position  of  the 
boundary  shock  angle,  as  defined  In  figure  9,  is  typically  79  degrees. 


k.  CONCLUSIONS 


The  tests  described  herein,  and  subsequent  tests,  have  indicated  the 
significant  Influence  of  certain  features  of  the  tunnel  configuration. 
Blockage  of  the  flow  by  the  pod  and  the  shock  waves  from  the  pod  are 
primary  factors  in  attaining  low  pressures  in  the  test  section  plenum 
and  in  establishing  shock-free  test  flows.  Streamlining  the  strut  and 
altering  the  scocpconfiguration  appear  to  have  secondary  influence.  The 
scoop-strut  shock  system  can  be  weakened,  and  the  feedback-to-plenum 
mechanism  can  be  subdued,  by  increasing  the  scoop  cross  section  In  the 
vicinity  of  the  pod  and  by  decreasing  the  wedge  angle  of  pod  and  strut. 

It  is  recommended  that  both  approaches  be  tested  further.  Advantages 
already  observed  are  a  larger  region  of  uniform  flow  which  allows  testing 
larger  models  and  at  larger  angles  of  attack,  lower  model  base  pressure 
and  elimination  of  the  problem  of  pressure  feedback  along  the  sting  to 
the  model,  reduced  loads  on  the  model  while  it  is  being  injected  Into  the 
stream,  lower  starting  and  running  pressure  ratios  for  given  test  conditions, 
and  faster  establishment  of  equilibrium  test  conditions. 
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FIGURE  1 
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NOZZLE  AND  TEST  SECTION  OF  THE  HYPERSONIC 
TWO- FOOT  WIND  TUNNEL 

FIGURE  2 


TOP  VIEW  OF  TEST  SECTION  PLENUM 


FIGURE  5 
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INSERT  C  INSTALLED  AT  THE  LEADING  EDGE 
OF  THE  SCOOP 


i 


FIGURE  6 
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ORIGINAL  POD  SHOWN  RETRACTED  BELOW  THE  FLOOR 
OF  THE  SCOOP 


FIGURE  7 
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DEPENDENCE  OF  TEST  SECTION  PLENUM  PRESSURE 
ON  POD  POSITION  FOR  SEVERAL  TUNNEL  CONFIGURATIONS 


O  ORIGINAL  TUNNEL  CONFIGURATION 

A  WITH  INSERT  C  FORWARD  OF  STRUT 
AND  WITH  SCOOP  SEALED  AS  SHOWN 
IN  FIG.  5,  BUT  WITH  ORIGINAL  POD 
CONFIGURATION  AS  SHOWN  IN  FIG.  6 

□  WITH  NO  INSERT  AND  WITH  SLOTS  OPEN, 
BUT  WITH  POD  FAIRING  IN  PLACE 
AS  SHOWN  IN  FIG.  / 


FREE  STEAM  PRESSURE  P„=  0.105  PSIA 
MACH  NUMBER  M  =  8.04 


DISTANCE  OF  CENTERLINE  *-  POD  FULLY  RETRACTED  AS 

OF  POD  FROM  SHOWN  IN  FIG.  6 

TUNNEL  CENTERLINE  (INCHES) 


FIGURE  8 
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INCLINATION  OF  SHOCK  WAVE  BOUNOARY  FROM 
TRANSVERSE  PLANE  5  (DEGREES) 


POSITION  OF  BOUNDARY  SHOCK  WAVE  AS  A  FUNCTION 
OF  TEST  SECTION  PLENUM  PRESSURE 


RATIO  OF  TEST  SECTION  PLENUM  PRESSURE  TO 
STATIC  PRESSURE  IN  THE  UNDISTURBED  FREE  STREAM. 


FIGURE  9 
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SUMMARY 


Progress  Is  recorded  In  three  areas  of  optical  flow 
visualization  techniques  for  intermittent  wind  tunnels: 
front  lighting,  quantitative  color  schlieren,  and  glow- 
discharge  visualization.  A  front  lighting  system  of 
flashbulbs  has  been  satisfactorily  devised  whose  photo¬ 
graphic  exposure  is  well  balanced  with  the  existing 
schlieren  system.  Substitution  of  photofloods  for  the 
flashbulbs  has  been  less  satisfactory  from  the  optical 
viewpoint.  However,  this  technique  can  be  improved  by 
replacing  the  predominantly  red  photoflood  with  a  blue 
light  source  to  match  the  blue  schlieren  light  and  to 
adapt  to  the  standard,  blue-sensitive  film.  A  satisfactory 
trichromatic  filter  for  quantitative  color  schlieren  is  not 
yet  available,  but  some  success  has  been  achieved  with 
combinations  of  broad  band  color  filters,  which  essentially 
produce  a  panchromatic  image,  and  with  combinations  of  inter¬ 
ference  line  filters,  which  essentially  produce  a  trichromatic 
image.  A  charged  probe  has  been  designed  and  installed 
adjacent  to  a  specially-constructed  model  for  glow-discharge 
visualization  in  the  Hypersonic  Two-Foot  Wind  Tunnel.  How¬ 
ever,  the  few  tests  of  this  technique  have  so  far  been 
inconclusive. 
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1.  INTRODUCTION 


Flow  visualization  Is  an  Indispensable  adjunct  to  wind  tunnel 
operation.  The  interest  In  flow  visualization  techniques  has, 
historically,  centered  around  an  appreciation  of  aerodynamic 
phenomena  associated  with  flows  past  complex  aerodynamic  shapes 
which  do  not  lend  themselves  readily  to  analytical  evaluation. 

As  opposed  to  other  types  of  Instrumentation,  optical  techniques 
cause  no  disturbance  of  the  flow  field  and  the  entire  field  of  view 
can  be  measured  simultaneously.  Generally,  however,  optical 
techniques  vary  with  the  speed  of  the  flow  and  the  type  of 
facility  in  which  the  flow  field  is  established.  As  an  example, 
optical  techniques  for  a  blowdown  type  of  facility  must  be  quite 
rapid  as  opposed  to  those  of  a  continuously  operating  facility. 

Also,  transonic  and  supersonic  optical  techniques  need  not  be  as 
sensitive  as  those  used  at  Mach  numbers  above  6,  due  to  the 
relatively  stronger  density  gradients  at  the  lower  speeds.  In 
general,  the  object  of  optical  analysis  is  to  analyze  the  vari¬ 
ations  imparted  to  the  beam  of  light  in  order  to  find  the  corres¬ 
ponding  changes  in  density  of  the  fluid  which  produces  such 
variations. 

The  purpose  of  an  IR&D  investigation  begun  in  FY  1 962  is  to  improve 
current  flow  visualization  systems  and  to  develop  new  ones, 
especially  the  techniques  of  front  lighting,  quantitative  color 
schlieren,  and  glow  discharge,  it  is  felt  that  increased  capabilities 
In  these  three  areas  will  provide  the  most  important  contributions  to 
the  over-all  optical  data  capabilities  at  DAL. 


2.  FRONT  LIGHTING 


Schlieren  and  shadowgraph  methods  of  flow-field  visualization  are 
used  extensively  at  DAL.  A  typical  schlieren  photograph  of  density 
gradients  In  the  supersonic  flow  field  about  a  complex  model  Is 
shovffl  In  figure  1.  This  illustrates  the  fact  that  the  features  of 
flow  around  a  model  more  complicated  than  a  body  of  revolution  can 
be  obfuscated  by  the  normal  silhouette.  Whereas  control  surfaces, 
ramps,  and  similar  body  features  which  generate  some  of  the  visible 
schlieren  might  be  illustrated  by  auxiliary  drawings  or  photographs, 
a  more  convenient  technique  is  to  employ  front  lighting.  Front 
lighting  technique  is  to  illuminate  the  model  by  diffuse  reflection 
of  auxiliary  light  from  Its  surface  in  such  a  way  as  to  elaborate 
the  schlieren;  for  example,  see  figure  2.  This  investigation  is 
concerned  with  techniques  of  Injecting  sufficient  auxiliary  illu¬ 
mination  into  the  schlieren  system  to  provide  a  suitable  reflected 
image  at  the  photographic  plate. 


A  purpose  of  the  front  lighting  Investigation  Is  to  determine 
what  factors  influence  achievement  of  good,  front- lighted, 
schlieren  and  shadowgraph  photographs.  To  be  considered,  in 
addition  to  methods  for  injecting  sufficient  auxiliary  lighting 
Into  the  optical  system  to  make  the  model  visible.  Is  the  effect 
of  the  placement  of  components  of  a  particular  schlieren  or 
shadowgraph  system  on  Its  front-lighting  capability. 

An  inherent  characteristic  of  this  system  Is  that  It  is  difficult 
to  balance  the  exposure  of  the  single  photographic  plate  in  areas 
Illuminated  only  by  the  secondary  (frontal)  light  with  that  in  * 
areas  illuminated  by  the  primary  (e.g.,  schlieren  system)  light 
source.  A  further  complication  is  that  the  auxiliary  light 
contributes  to  exposure  In  the  latter  areas.  Among  the  parameters 
controlling  the  film  exposure,  those  relating  to  the  primary  light 
are  largely  fixed  by  requirements  independent  of  front  lighting; 
likewise  inflexible  is  the  light-path  length  from  model  to  film, 
a  principal  factor  influencing  exposure  due  to  front  lighting. 
Consequently,  the  parameters  influencing  exposure  to  the  secondary 
light  are,  in  practice,  its  source  color  and  intensity,  distance 
from  source  to  model,  Its  duration,  and  the  efficiency  of  diffuse 
reflection  from  model  and  background.  Since  the  problem  is  primarily 
to  maximize  exposure  in  the  model  area,  without  obscuring  schlieren, 
these  requirements  amount  to  selecting  a  color  spectrum  for  the 
secondary  source  which  matches  the  primary,  selecting  maximum 
source  intensity,  minimizing  separation  of  source  from  model, 
maximizing  secondary  source  duration  within  limitations  of  model 
movement  or  film  transport,  employing  a  model  surface  that  is  an 
efficient  diffuse  reflector,  and  employing  an  absorbent  (black) 
background.  Additional  specifications  are  that  the  secondary 
source  must  operate  with  a  frequency  compatible  with  the  desired 
framing  rate,  and  that  the  secondary  source  must  not  physically 
disturb  the  flow  or  the  primary  light  path. 

One  system  which  meets  the  foregoing  requirements  to  a  slight 
extent,  and  which  was  employed  to  obtain  figure  2,  is  a  multi¬ 
plicity  of  flashbulbs.  They  are  available  in  the  spectrum  (blue) 
of  the  schlieren  light  and  corresponding  film  sensitivity;  they 
can  be  arranged  to  yield  high  Intensity;  they  are  extinguished 
before  their  heat  can  affect  the  light  path,  and  they  are  economical. 
However,  they  had  to  be  positioned  outside  the  tunnel  window,  which 
represents  a  severe  penalty  due  to  reflection  at  the  window  surfaces 
and  due  to  absorption  by  the  glass,  and  which  causes  a  slight  penalty 
due  to  light-path  length;  their  duration  is  limited;  and  they  are  not 
easily  adaptable  to  multiple  photographs.  This  system  is  far  from 
optimum,  therefore,  and  was  tried  only  as  a  quick  method  for  gaining 
experience. 

Another  system  which  was  tried  is  a  multiplicity  of  flood  lamps. 
Twelve  3T5"watt  ref lectorf lood  lamps  were  used  around  the  periphery 


of  the  window  outside  the  Trlsonic  Four-Foot  Wind  Tunnel.  With 
respect  to  the  cited  criteria,  this  system  is  submarginal.  The 
flood  lamps  do  not  yield  sufficient  light  Itensity  in  the  required 
spectrum;  they  must  be  positioned  outside  the  tunnel  window;  and 
their  heat  distorts  tha  field  of  view.  Advantages  of  photofloods 
include  their  continuous  nature  and  economy.  The  best  photogrephs 
obtainable  suffered  not  only  from  heat  distortions,  but  from 
inadequate  ill umt nation  of  the  model. 

An  ideal,  but  expensive,  system  would  use  similar  lamps  for  primary 
and  secondary  sources,  viz.,  B-H6  mercury  vapor  lamps.  This  type 
of  lamp  could  operate  as  a  flash  light  source  in  the  schlteren 
system  and,  perhaps  mounted  inside  the  test-section  walls,  could 
operate  as  a  small,  intense,  continuous  secondary  source.  A 
synchronized  mechanical  shutter  would  control  exposure  to  the 
secondary,  front  lighting  source.  Some  auxiliary  ventilation 
would  be  included  to  control  heat  effects  of  the  secondary  source. 


3.  QUANTITATIVE  COLOR  SCHLIEREN 

Color  schiieren  techniques  offer  certain  advantages  over  black  and 
white  processes  and,  thus,  lend  themselves  to  quantitative  analysis 
of  density  gradients  in  flow  fields.  Colorimetry  implies  the  color 
specification  of  light  in  terms  of  its  classical  characteristics, 
viz.,  dominant  wavelength  or  color,  purity  or  extent  to  which  the 
color  can  be  represented  quantitatively  by  a  pure  spectrum  color, 
and  average  luminance,  transmittance  or  reflectance,  all  with 
reference  to  a  stated  or  standard  illuminant.  These  physical  or 
objective  values  are  perceived  subjectively  as  sensations  of  hue, 
saturation,  and  lightness  or  brightness,  all  subject  to  physio¬ 
logical  and  phychological  processes.  With  these  concepts  in  mind, 
three  advantages  of  color  schiieren  can  be  stated.  The  eye  is  able 
to  differentiate  more  easily  between  hues  than  between  levels  of 
brightness  due  to  monochrome  tones,  so  that  the  color  system  is 
more  sens! t? ve  for  visual  observation.  Furthermore,  the  color 
schiieren  picture  offers  nearly  even  luminance,  so  that  no  region 
of  low  apparent  brightness  can  occur  which  might  be  obscured  by 
an  adjacent  region  of  higher  brightness.  Finally,  opaque  bodies 
appear  black  and  are  more  readily  distinguished  from  adjacent 
colored  areas  of  flew  than  from  adjacent  gray  areas  of  flow. 

These  considerations  suggest  certain  refinements  of  existing  color 
schiieren  technology  which  might  provide  quantitative  gasdynamlc 
data.  Specifically,  If  the  photographic  film  is  exposed  only  to 
three  relatively  pure  colors,  appropriate  calibration  In  terms  of 
the  tri stimulus  values  might  enhance  the  ability  to  analyze  density 
levels  In  the  entire  flow  field  solely  by  optics. 
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In  current  use  at  DAL  is  the  tricolor  optical  filter  approach  to 
color  schlieren,  described  In  reference  1,  whereby  the  knife  edge 
In  a  conventional  schlieren  system  is  replaced  by  three  adjacent 
coplanar  filters  (see  figure  3)*  for  maximum  coverage  of  the 
chromatid ty  (wavelength  vs.  purity)  field,  red,  green,  and  blue 
filters  are  chosen.  Width  of  the  central  green  filter  coincides 
with  the  size  of  the  light  source  image  at  its  sharpest  focus. 
Dimensions  of  the  red  and  blue  filters  are  sufficient  to  intercept 
all  possible  diffracted  light  rays. 

The  first  filter  assembled  and  tried  at  DAL  was  constructed  from 
three  Kodak  Wratten  filters  placed  side  by  side.  The  transmittance 
characteristics  of  the  components  are  shown  at  the  left  side  of 
figure  3.  Even  though  a  mercury  vapor  lamp  was  employed,  the  wide 
band  passages  of  the  Wratten  filters  admit  a  considerable  number  of 
the  many  emitted  lines  from  the  light  source  wherever  light 
diffraction  is  to  be  recorded.  Thus,  although  major  features  of 
the  flow  field  are  colored  in  a  characteristic  manner  and  can  be 
analyzed  qualitatively,  any  observed  hue  and  saturation  could  be 
interpreted  as  the  result  of  any  of  a  number  of  combinations  of 
source  wavelengths  and  would  not  be  amenable  to  quantitative 
analysis.  Essentially,  this  optical  system  can  be  designated  as 
panchromatic,  or  even  orthochromatic,  but  not  trichromatic. 

The  central  idea  of  the  current  investigation  is  that  the  observed 
color  at  a  localized  region  of  the  reproduced  flow  field  can  be 
uniquely  correlated  as  a  measurable  mixture  of  only  two  color  sources 
if  a  truly  trichromatic  optical  system  can  be  achieved.  Interference 
line  filters  may  have  the  necessary  characteristics  of  high  trans¬ 
mittance  of  the  desired  color  wavelength  and  low  transmittance  of 
neighboring  wavelengths  to  serve  the  stated  purpose.  Consequently 
three  such  filters  were  selected,  two  to  match  the  strong  blue  and 
green  lines  emitted  by  the  mercury  vapor  lamp  and  a  third  to  cover 
the  strongest  orange-red  lines  from  this  source,  and  were  purchased 
from  Jena  Glass  Works  Schott  and  Gen.,  Mainz,  West  Germany.  The 
transmittance  characteristics  of  the  components  of  the  ideal 
resultant  filter  are  shown  at  the  right  side  of  figure  3*  Pacific 
Optical  Corporation,  Inglewood,  California,  contracted  to  cut  and 
assemble  two  trichromatic  filters  from  these  components.  During 
tests  in  the  Trisonlc  Four-Foot  Wind  Tunnel,  the  Image  produced  by 
the  schlieren  system  using  the  resultant  filters  was  greatly  dis¬ 
torted,  and  multiple  images  occurred,  due  to  the  nature  of  the 
Schott  interference  filters.  Whereas  the  Wratten  filters  discussed 
previously  are  very  thin  and  can  easily  be  mounted  in  the  same 
plane  between  two  glass  plates,  good  coplanar  assembly  of  Inter¬ 
ference  filters  is  difficult  to  accomplish.  An  Interference 
filter  Is  usually  composed  of  a  layer  of  clear  glass,  a  semi¬ 
transparent  silver  film,  a  transparent  spacer  film  one-half  wave¬ 
length  thick,  a  second  semitransparent  silver  film,  another  layer 
of  clear  glass,  and  finally  a  colored  glass  plate  which  filters 
the  weak  harmonics  passed  by  the  basic  interference  filter  and 


which  generally  reinforces  the  Interference  filter  over  a  broad 
band.  The  total  thickness  of  this  sandwich  Is  different  for  each 
color.  Not  only  was  one  exterior  surface  of  the  trichromatic  filter 
noncoplanar  therefore,  but  the  three  transparent  spacer  films  were 
noncoplanar.  The  distortion  and  multiplicity  of  Images  was  evidently 
due  to  either  or  both  of  these  noncoplanar  features. 

Measures  are  now  being  taken  to  eliminate  the  cited  problems  by 
Improving  the  construction  of  a  trichromatic  filter  from  three 
Interference  filters. 


4.  GLOW  DISCHARGE 


Conventional  techniques  for  flow  visualization  tend  to  become 
Inadequate  in  hypervelocity  wind  tunnels  because  of  the  extremely 
low  pressure  and  density  levels.  At  freestream  pressures  below 
about  three  millimeters  of  mercury,  optical  methods,  e.g.,  schlleren 
and  shadowgraph,  that  depend  upon  light  refraction  due  to  density 
gradients,  become  Ineffective.  It  is  advisable,  therefore,  to 
investigate  other  methods  of  flow  visualization.  Two  such  methods 
are  absorption  techniques,  based  upon  the  absorption  of  characteristic 
wavelengths  of  electromagnetic  radiation  by  certain  molecular  species, 
and  glow  dl scharge  techniques,  based  upon  the  emission  of  visible 
radiation  by  certain  molecular  species  when  electrically  excited. 
Interest  at  DAL  has  centered  on  glow  discharge  techniques  but 
(Instead  of  adding  electrical  energy  upstream  of  the  model,  as 
suggested  In  reference  2  for  example)  applying  the  electrical 
field  about  the  model,  for  example,  as  described  in  reference  3* 

From  these  prior  studies,  it  appears  that  emission  by  electrical 
stimulation  methods,  although  less  sophisticated  than  absorption 
methods,  may  be  simpler  to  produce  and  interpret  and  may  be  more 
reliable. 

A  probe  and  model  were  designed,  constructed,  and  tested  in  the 
Hypersonic  Two-Foot  Wind  Tunnel  to  investigate  the  practicability 
of  producing  and  observing  a  plasma  between  the  two  parallel  bodies 
in  high  speed,  rarefied  airflow;  see  figure  4.  The  model  is  a 
simple  cone-cylinder  with  fins,  sting,  and  pod.  Various  modei 
nose  cone  angles  are  provided  to  investigate  effects  of  shock 
impingement  aft  of  the  probe  nose.  The  probe  is  supported  by  a 
cylindrical  alumina  insulator  with  suitable  strength  and  dielectric 
properties.  Typically,  probe  and  model  would  be  separated  by  a 
variable  distance,  up  to  eight  inches,  and  would  be  equidistant 
from  the  tunnel  centerline.  By  putting  the  nose  of  each  body  at 
about  the  same  longitudinal  station,  an  electrical  field  can  be 
produced  near  the  model  but  its  flow  field  will  be  unaffected  aero¬ 
dynamical  ly  by  the  presence  of  the  probe.  A  d.c.  power  supply  is 
available  to  charge  the  insulated  probe  negatively  to  as  much  as 
2500  volts;  at  this  potential,  rated  current  is  one  ampere. 
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Results  of  the  only  tests  so  far  are  negative  due  to  failures  in 
the  power  supply.  In  the  first  trial,  a  relay  in  the  high  voltage 
circuit  failed.  In  the  second  trial,  the  fuse  for  limiting  current 
load  opened  at  about  1100  volts.  Both  elements  have  been  repaired 
and  readjusted  in  preparation  for  further  tests.  Thus,  at  3  milli¬ 
meters  of  mercury  ambient  pressure  and  at  Mach  8,  no  plasma  has  become 
visible  at  1100  volts. 


5.  CONCLUSIONS 


As  a  result  of  front  lighting  studies,  it  can  be  concluded  that 
illumination  of  the  model  for  schlleren  or  shadowgraph  photography 
in  the  intermittent  wind  tunnels  at  DAL  is  practicable.  The  best 
secondary  light  source  would  be  located  at  several  stations  inside 
the  wind  tunnel  wall  on  the  camera  side  of  the  tunnel.  A  fast, 
intense,  blue  light  that  can  be  recycled  about  every  half  second, 
and  that  would  not  interfere  with  the  primary  light  path  by  blockage 
or  by  perturbations  due  to  heating,  would  be  ideal. 

The  first  step  toward  quantitative  color  schlleren  is  within  reach, 
viz.,  purification  of  the  primary  colors  and  construction  of  a 
coplanar  trichromatic  interference  filter.  The  next  step  will  be 
to  calibrate  colcr  schlieren  plates  in  terms  of  hue,  saturation, 
and  brightness,  and  to  correlate  these  tristimuli  with  pressure 
or  density  variations  in  the  object  flow  field. 

The  glow  discharge  method  of  flow  visualization  promises  to  yield 
qualitative  data  at  rarefied  conditions  when  proper  voltage  and 
separation  values  are  obtained. 
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TYPICAL  SCHLIEREN  PHOTOGRAPH  OF  A  FINNED  MODEL  IN  SUPERSONIC  AIRFLOW 
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SCHLIEREN  PHOTOGRAPH  OF  A  FINNED  MODEL  IN  SUPERSONIC  AIRFLOW 
W!  FH  FRONT  LIGHTING  BY  AN  ARRAY  OF  FLASHBULBS 
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